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(57) ABSTRACT 
The present invention generally relates to nanoscale wires 
and tissue engineering. In various embodiments, cell scaf 
folds for growing cells or tissues can be formed that include 
nanoscale wires that can be connected to electronic circuits 
extending externally of the cell scaffold. The nanoscale 
wires may form an integral part of cells or tissues grown 
from the cell scaffold, and can even be determined or 
controlled, e.g., using various electronic circuits. This 
approach allows for the creation of fundamentally new types 
of functionalized cells and tissues, due to the high degree of 
electronic control offered by the nanoscale wires and elec 
tronic circuits. Accordingly, Such cell scaffolds can be used 
to grow cells or tissues which can be determined and/or 
controlled at very high resolutions, due to the presence of the 
nanoscale wires, and Such cell scaffolds will find use in a 
wide variety of novel applications, including applications in 
tissue engineering, prosthetics, pacemakers, implants, or the 
like. 
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SCAFFOLDS COMPRISING 
NANOELECTRONIC COMPONENTS FOR 

CELLS, TISSUES, AND OTHER 
APPLICATIONS 

RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional 
Patent Application Ser. No. 61/698,502, filed Sep. 7, 2012, 
entitled “Scaffolds Comprising Nanoelectronic Components 
For Cells, Tissues, And Other Applications.” by Lieber, et 
al., and U.S. Provisional Patent Application Ser. No. 61/723, 
222, filed Nov. 6, 2012, entitled “Scaffolds Comprising 
Nanoelectronic Components For Cells, Tissues, And Other 
Applications.” by Lieber, et al., each incorporated herein by 
reference in its entirety. 

GOVERNMENT FUNDING 

Research leading to various aspects of the present inven 
tion was sponsored, at least in part, by the NIH, Grant No. 
5DP1OD003900-04. The U.S. Government has certain 
rights in the invention. 

FIELD 

The present invention generally relates to nanoscale wires 
and tissue engineering. 

BACKGROUND 

Recent efforts in coupling electronics and tissues have 
focused on flexible, stretchable planar arrays that conform to 
tissue Surfaces, or implantable microfabricated probes. 
These approaches have been limited in merging electronics 
with tissues while minimizing tissue disruption, because the 
Support structures and electronic detectors are generally of a 
much larger scale than the extracellular matrix and the cells. 
Furthermore, planar arrays only probe near the tissue surface 
and cannot be used to study the internal 3-dimensional 
structure of the tissue. For example, probes using nanowire 
field-effect transistors have shown that electronic devices 
with nanoscopic features can be used to detect extra- and 
intracellular potentials from single cells, but are limited to 
only Surface recording from 3-dimensional tissues and 
organs. Accordingly, improvements in merging electronics 
with tissues are still needed. 

SUMMARY 

The present invention generally relates to nanoscale wires 
and tissue engineering. The Subject matter of the present 
invention involves, in Some cases, interrelated products, 
alternative Solutions to a particular problem, and/or a plu 
rality of different uses of one or more systems and/or 
articles. 
The present invention, in one aspect, is directed to an 

article. In one set of embodiments, the article comprises a 
cell scaffold comprising nanoscale wires and one or more 
polymeric constructs. In certain cases, at least some of the 
nanoscale wires form a portion of an electrical circuit that 
extends externally of the cell scaffold. 

In another set of embodiments, the article comprises a 
structure comprising a biocompatible polymer and having an 
open porosity of at least about 50%. In some embodiments, 
the structure further comprises an electrical circuit at least 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
partially defined by one or more metal leads having a 
maximum cross-sectional dimension of less than about 5 
micrometers. 
The article, in yet another set of embodiments, includes a 

pre-stressed polymeric construct positioned on a surface of 
a Substrate. In some embodiments, in the absence of the 
Substrate, the polymeric construct spontaneously forms a 
structure having an open porosity of at least about 50% and 
an average pore size of between about 100 micrometers and 
about 1.5 mm. 

According to still another set of embodiments, the article 
comprises a 3-dimensional structure having an average pore 
size of between about 100 micrometers and about 1.5 mm. 
In some cases, the structure comprises a curled and/or folded 
2-dimensional electrical network. 
The article, in yet another set of embodiments, is gener 

ally directed to a biological tissue comprising nanoscale 
wires. In certain instances, at least Some of the nanoscale 
wires form a portion of an electrical circuit that extends 
externally of the tissue. 

In another set of embodiments, the article comprises a 
biological tissue comprising a semiconductor nanowire. 

In some embodiments, the article comprises a tissue 
comprising nanoscale wires and metal leads extending 
between at least Some of the nanoscale wires and a surface 
of the tissue. The article, in yet another set of embodiments, 
includes a biological tissue comprising at least one kinked 
nanoscale wire. According to still another set of embodi 
ments, the article comprises a biological tissue comprising a 
curled 2-dimensional electrical network therein. 
The article, in accordance with one set of embodiments, 

includes a biological tissue comprising a cell scaffold. In 
Some cases, at least a portion of the cell scaffold defines at 
least a portion of an electrical circuit that extends externally 
of the cell scaffold. 

According to another set of embodiments, the article 
includes a biological tissue comprising a cell scaffold com 
prising a plurality of electrical component responsive to an 
electrical property of the biological tissue. In another set of 
embodiments, the article includes a biological tissue com 
prising a cell scaffold comprising a plurality of pH-sensitive 
electrical components. 
The article, in one set of embodiments, comprises a cell 

scaffold comprising one or more semiconductor nanowires 
and one or more polymeric constructs. 

In another set of embodiments, the article comprises a cell 
scaffold comprising one or more nanoscale wires and one or 
more polymeric constructs. In some cases, at least one of the 
polymeric constructs contains a conductive pathway extend 
ing between a nanoscale wire and a Surface of the cell 
scaffold. 

According to another set of embodiments, the article 
comprises a cell scaffold comprising a field effect transistor 
and one or more polymeric constructs. In yet another set of 
embodiments, the article includes a cell scaffold comprising 
at least one kinked nanoscale wire and one or more poly 
meric constructs. In still another set of embodiments, the 
article includes a cell scaffold comprising a pH-sensitive 
nanoscale wire and one or more polymeric constructs. The 
article, in yet another set of embodiments, includes a cell 
scaffold comprising a sensor responsive to an electrical 
property and one or more polymeric constructs, wherein the 
sensor comprises a nanoscale wire. 

In one set of embodiments, the article comprises an 
electrical circuit defined by one or more metal leads having 
a maximum cross-sectional dimension of less than about 5 
micrometers, forming a 3-dimensional structure having an 
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average pore size of between about 100 micrometers and 
about 1.5 mm. The electrical circuit may comprise one or 
more nanoscale wires in certain embodiments. 

In another set of embodiments, the article comprises an 
electrical circuit defined by one or more metal leads, form 
ing a 3-dimensional structure. In some cases, the electrical 
circuit comprises one or more pH-sensitive components. 

Yet another set of embodiments is directed to an article 
that includes an electrical circuit defined by one or more 
metal leads, forming a 3-dimensional structure having an 
open porosity of at least about 50% and an average pore size 
of between about 100 micrometers and about 1.5 mm. In 
Some instances, the electrical circuit comprises an electrical 
component responsive to an electrical property external to 
the electrical component. 

In another aspect, the present invention is generally 
directed to a method. In one set of embodiments, the method 
comprises determining an electrical property of a biological 
tissue at a resolution of at least 1 mm using sensors disposed 
internally of the biological tissue. 

In another set of embodiments, the method comprises acts 
of forming one or more polymers on a Substrate, removing 
at least a portion of the substrate from the one or more 
polymers, and forming the polymers and metal leads into a 
3-dimensional structure having an open porosity of at least 
about 50% and an average pore size of between about 100 
micrometers and about 1.5 mm. In some cases, at least some 
of the polymers may comprise metal leads. 
The method, in yet another set of embodiments, includes 

acts of forming one or more polymers on a Substrate, and 
removing at least a portion of the substrate from the one or 
more polymers. In some embodiments, the one or more 
polymers comprise semiconductor nanowires. 

Still another set of embodiments is generally directed to 
a method comprising depositing nanoscale wires on a poly 
mer positioned on a substrate, and removing at least a 
portion of the substrate from the polymer. In yet another set 
of embodiments, the method includes acts of depositing one 
or more kinked nanoscale wires on a polymer, and forming 
at least a portion of the polymer into a 3-dimensional 
structure having an open porosity of at least about 50%. 

According to one set of embodiments, the method 
includes an act of determining pH of a biological tissue at a 
resolution of less than about 1 mm. In another set of 
embodiments, the method includes an act of determining an 
electrical property of a biological tissue in three dimensions 
using a field effect transistor disposed within the biological 
tissue. 

In another set of embodiments, the method includes an act 
of electrically stimulating a biological tissue using a 
nanoscale wire disposed within the biological tissue. 

In another aspect, the present invention encompasses 
methods of making one or more of the embodiments 
described herein, for example, cell scaffolds comprising 
nanoscale wires. In still another aspect, the present invention 
encompasses methods of using one or more of the embodi 
ments described herein, for example, cell scaffolds compris 
ing nanoscale wires. 

Other advantages and novel features of the present inven 
tion will become apparent from the following detailed 
description of various non-limiting embodiments of the 
invention when considered in conjunction with the accom 
panying figures. In cases where the present specification and 
a document incorporated by reference include conflicting 
and/or inconsistent disclosure, the present specification shall 
control. If two or more documents incorporated by reference 
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4 
include conflicting and/or inconsistent disclosure with 
respect to each other, then the document having the later 
effective date shall control. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Non-limiting embodiments of the present invention will 
be described by way of example with reference to the 
accompanying figures, which are schematic and are not 
intended to be drawn to scale. In the figures, each identical 
or nearly identical component illustrated is typically repre 
sented by a single numeral. For purposes of clarity, not every 
component is labeled in every figure, nor is every compo 
nent of each embodiment of the invention shown where 
illustration is not necessary to allow those of ordinary skill 
in the art to understand the invention. In the figures: 

FIGS. 1A-1C illustrate certain embodiments of the inven 
tion generally directed to cell scaffolds comprising 
nanoscale wires; 

FIG. 2 schematically illustrates a cross-section of one 
embodiment of the invention; 

FIG. 3 is a schematic representation of an integrated 
system using discrete building blocks of electronic and 
biological systems, in Some embodiments of the invention; 

FIGS. 4A-4I illustrate cell scaffolds comprising nanoscale 
wires, in accordance with certain embodiments of the inven 
tion; 

FIGS. 5 illustrates the 3-dimensional distribution of 
nanoscale wires in a cell scaffold in yet another embodiment 
of the invention; 

FIGS. 6A-6F illustrate the geometry of nanoscale wires, 
in accordance with certain embodiments of the invention; 

FIGS. 7A-7E illustrate design and fabrication of 
nanoscale wires, in accordance with certain embodiments of 
the invention; 

FIGS. 8A-8D illustrate cell scaffolds comprising 
nanoscale wires and analysis of sensitivity of nanoscale 
wires over time, in accordance with certain embodiments of 
the invention; 
FIG.9A-9D illustrate 3-dimensional culturing of neuronal 

cells in a cell scaffold, in another embodiment of the 
invention; 

FIG. 10A-10H illustrate 3-dimensional reconstructed 
confocal fluorescence image of a cell scaffold and analysis 
of toxicity and conductance of certain cell scaffolds in 
accordance with various embodiments of the invention; 

FIGS. 11A-11B illustrate 3-dimensional reconstructed 
confocal fluorescence image of a cell scaffold in accordance 
with one embodiment of the invention, illustrating the 
distribution of cells and metals within the scaffold: 

FIGS. 12A-12H illustrate 3-dimensional culturing of car 
diomyocytes in a cell scaffold, in another embodiment of the 
invention; 

FIGS. 13 A-13C illustrate fluorescence images of cardio 
myocytes growing on a cell scaffold in accordance with one 
embodiment of the invention; 

FIGS. 14A-14C illustrate epi-fluorescence images of car 
diomyocytes growing on a cell scaffold in accordance with 
one embodiment of the invention; 

FIGS. 15A-15C illustrate multiplexed electrical record 
ings of cell scaffolds comprising nanoscale wires, in accor 
dance with certain embodiments of the invention; 

FIGS. 16A-16C illustrate multiplexed 3D electrical 
recordings of cell scaffolds comprising nanoscale wires, in 
accordance with certain embodiments of the invention; 
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FIGS. 17A-17F illustrate a cell scaffold used as a vascular 
construct, in accordance with another embodiment of the 
invention. 

FIGS. 18A-18H schematically illustrate growing cells on 
a vascular cell scaffold, in another embodiment of the 
invention. 

FIG. 19 illustrates a confocal fluorescence image of 
smooth muscle cells in a cell scaffold, in another embodi 
ment of the invention. 

FIGS. 20A-20H illustrate certain techniques for forming 
a cell scaffold in one embodiment of the invention; 

FIGS. 21A-21H illustrate certain techniques for forming 
a cell scaffold in one embodiment of the invention. 

DETAILED DESCRIPTION 

The present invention generally relates to nanoscale wires 
and tissue engineering. In various embodiments, cell scaf 
folds for growing cells or tissues can be formed that include 
nanoscale wires that can be connected to electronic circuits 
extending externally of the cell scaffold. The nanoscale 
wires may form an integral part of cells or tissues grown 
from the cell scaffold, and can even be determined or 
controlled, e.g., using various electronic circuits. This 
approach allows for the creation of fundamentally new types 
of functionalized cells and tissues, due to the high degree of 
electronic control offered by the nanoscale wires and elec 
tronic circuits. Accordingly, such cell scaffolds can be used 
to grow cells or tissues which can be determined and/or 
controlled at very high resolutions, due to the presence of the 
nanoscale wires, and Such cell scaffolds will find use in a 
wide variety of novel applications, including applications in 
tissue engineering, prosthetics, pacemakers, implants, or the 
like. 

For example, certain aspects of the present invention are 
generally directed to cell scaffolds comprising nanoscale 
wires and one or more polymeric constructs. The cell 
scaffolds can be fabricated, for example, using well-known 
lithographic techniques such as those discussed herein. The 
cell scaffolds may also comprise metal leads that create 
conductive pathways between the nanoscale wires and the 
surface of the cell scaffold. Accordingly, the electrical prop 
erties of the nanoscale wires, and any Surrounding cells or 
tissue grown on the cell scaffolds, can be determined and/or 
controlled, e.g., externally of the cell scaffolds. While others 
may have previously suggested using nanoscale wires in cell 
scaffolding materials. Such applications have never involved 
incorporating the nanoscale wires in electronic circuits, let 
alone using the electronic circuits to determine or control the 
nanoscale wires. 

Turning first to FIG. 1A, a representative cell scaffold is 
now briefly described in accordance with certain aspects of 
the invention. Additional details of the components forming 
the cell scaffold will be discussed in more detail below, 
including various techniques for fabricating Such cell scaf 
folds. In FIG. 1A, cell scaffold 10 is shown comprising 
nanoscale wires 15 and polymeric constructs 20. The 
nanoscale wires may be semiconductor nanowires (e.g., 
comprising silicon), and the polymeric constructs can 
include photoresist polymers (such as SU-8), and/or bio 
compatible polymers (such as MatrigelTM). Some of poly 
meric constructs 20 may contain conductive pathways 25 in 
electrical communication with Some of the nanoscale wires 
15, and the conductive pathways can extend externally of the 
surface of the cell scaffold, as is shown with conductive 
pathway 27. For example, some of the conductive pathways 
may be in electrical communication with external electrical 
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system 30 such as a computer or a transmitter, e.g., such that 
physical and/or electrical properties of the nanoscale wires 
can be determined, and/or such that electrical stimuli can be 
applied to the nanoscale wires. Thus, the conductive path 
ways and nanoscale wires may form part of an electrical 
circuit in Some cases. In certain embodiments, the conduc 
tive pathways can be formed out of metal leads, and in some 
cases dissimilar metals (e.g., chromium and palladium) can 
be used, e.g., to cause the cell scaffold to adopt a 3-dimen 
sional structure. Accordingly, the cell scaffold may be con 
structed and arranged to have characteristics Suitable for 
growing cells or tissues, e.g., cells 35 in FIG. 1A. For 
example, the cell scaffold may have an open porosity of at 
least about 50%, and/or an average pore size between about 
100 micrometers and about 1.5 mm. 

In some cases, at least a portion of the cell scaffold is 
formed from biodegradable materials, which can degrade 
over time. Thus, for example, referring now to FIG. 1B, cell 
scaffold 10 from FIG. 1A (containing cells 35 and being in 
electrical communication with external electrical system 30) 
may begin to degrade, eventually leaving behind nondegrad 
able components of the cell scaffold, e.g., nondegradable 
polymers 18, nanoscale wires 15, conductive pathways 25, 
and the like, as is shown schematically in FIG. 1B. However, 
the nondegradable components may not necessarily be 
degraded, and in Some cases these components can continue 
to function. For example, nanoscale wires 15 may be con 
nected via conductive pathways 25 in electrical communi 
cation with external electrical system 30 such as a computer 
or a transmitter, even after the cell scaffold has been partially 
or fully degraded. Such nanoscale wires can continue to be 
used, e.g., to determine properties of cells or tissue, to apply 
electrical stimuli to cells or tissue, etc., even after partial or 
complete degradation of the cell scaffold. 

In one set of embodiments, such cell scaffolds are formed 
by depositing polymers and/or metals on a sacrificial mate 
rial, which is then removed, as is illustrated in FIG. 1C. 
Briefly, on substrate 70, various polymers 80, metals 85. 
nanoscale wires 88, and/or other components are assembled 
into structure 90, at least a portion of which is present on 
sacrificial material 75 on substrate 70. Some or all of 
sacrificial material 75 can be subsequently removed to 
release structure 90. In some embodiments, structure 90 may 
then be formed into 3-dimensional structure 95 for the cell 
scaffold, for example, spontaneously, by folding or rolling 
the structure, by applying stresses to the 2-dimensional 
structure that cause it to adopt a 3-dimensional configura 
tion, or the like. For instance, by pre-stressing certain 
components within the structure, upon removal of the sac 
rificial material, the structure can spontaneously form a 
3-dimensional structure. In some embodiments, various 
materials are added to the structure (before or after removal 
of the sacrificial material), for example, to help stabilize the 
structure, to add additional agents to enhance its biocom 
patibility (e.g., growth hormones, extracellular matrix pro 
tein, MatrigelTM, etc.), or the like. 
The above discussion is just a brief Summary of some 

embodiments of the present invention. However, it should be 
understood that other embodiments are also possible in 
addition to the ones described above, involving various 
types of materials, techniques for forming cell scaffolds, 
applications, and the like, which will now be discussed in 
greater detail. 
One aspect of the present invention is generally directed 

to systems and methods for making and using Such cell 
scaffolds. Briefly, in one set of embodiments, a scaffold is 
constructed by assembling various polymers, metals, 



US 9,457,128 B2 
7 

nanoscale wires, and other components together on a Sub 
strate. For example, lithographic techniques such as e-beam 
lithography, photolithography, X-ray lithography, extreme 
ultraviolet lithography, ion projection lithography, etc. may 
be used to pattern polymers, metals, etc. on the Substrate, 
and nanoscale wires can be prepared separately then added 
to the substrate. After assembly, at least a portion of the 
Substrate (e.g., a sacrificial material) may be removed, 
allowing the scaffold to be partially or completely removed 
from the Substrate. The scaffold can, in some cases, be 
formed into a 3-dimensional structure, for example, spon 
taneously, or by folding or rolling the structure. Other 
materials may also be added to the scaffold, e.g., to help 
stabilize the structure, to add additional agents to enhance its 
biocompatibility, etc. The scaffold can be used in Vivo, e.g., 
by implanting it in a subject, and/or in vitro, e.g., by seeding 
cells, etc. on the scaffold. In addition, in Some cases, cells 
may initially be grown on the scaffold before the scaffold is 
implanted into a Subject. A schematic diagram of the layers 
formed on the substrate in one embodiment is shown in FIG. 
2. However, it should be understood that this diagram is 
illustrative only and is not drawn to scale, and not all of the 
layers shown in FIG. 2 are necessarily required in every 
embodiment of the invention. 
The substrate (200 in FIG.2) may be chosen to be one that 

can be used for lithographic techniques such as e-beam 
lithography or photolithography, or other lithographic tech 
niques including those discussed herein. For example, the 
Substrate may comprise or consist essentially of a semicon 
ductor material Such as silicon, although other substrate 
materials (e.g., a metal) can also be used. Typically, the 
Substrate is one that is substantially planar, e.g., so that 
polymers, metals, and the like can be patterned on the 
substrate. 

In some cases, a portion of the Substrate can be oxidized, 
e.g., forming SiO, and/or SiN on a portion of the Substrate, 
which may facilitate Subsequent addition of materials (met 
als, polymers, etc.) to the Substrate. In some cases, the 
oxidized portion may form a layer of material on the 
substrate (205 in FIG. 2), e.g., having a thickness of less than 
about 5 micrometers, less than about 4 micrometers, less 
than about 3 micrometers, less than about 2 micrometers, 
less than about 1 micrometer, less than about 900 nm, less 
than about 800 nm, less than about 700 nm, less than about 
600 nm, less than about 500 nm, less than about 400 nm, less 
than about 300 nm, less than about 200 nm, less than about 
100 nm, etc. 

In certain embodiments, one or more polymers can also be 
deposited or otherwise formed prior to depositing the sac 
rificial material. In some cases, the polymers may be depos 
ited or otherwise formed as a layer of material (210 in FIG. 
2) on the Substrate. Deposition may be performed using any 
Suitable technique, e.g., using lithographic techniques such 
as e-beam lithography, photolithography, X-ray lithography, 
extreme ultraviolet lithography, ion projection lithography, 
etc. In some cases, some or all of the polymers may be 
biocompatible and/or biodegradable. The polymers that are 
deposited may also comprise methyl methacrylate and/or 
poly(methyl methacrylate), in Some embodiments. One, 
two, or more layers of polymer can be deposited (e.g., 
sequentially) in various embodiments, and each layer may 
independently have a thickness of less than about 5 microm 
eters, less than about 4 micrometers, less than about 3 
micrometers, less than about 2 micrometers, less than about 
1 micrometer, less than about 900 nm, less than about 800 
nm, less than about 700 nm, less than about 600 nm, less 
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8 
than about 500 nm, less than about 400 nm, less than about 
300 nm, less than about 200 nm, less than about 100 nm, etc. 

Next, a sacrificial material may be deposited. The sacri 
ficial material can be chosen to be one that can be removed 
without Substantially altering other materials (e.g., poly 
mers, other metals, nanoscale wires, etc.) deposited thereon. 
For example, in one embodiment, the sacrificial material 
may be a metal, e.g., one that is easily etchable. For instance, 
the sacrificial material can comprise germanium or nickel, 
which can be etched or otherwise removed, for example, 
using a peroxide (e.g., H2O) or a nickel etchant (many of 
which are readily available commercially). In some cases, 
the sacrificial material may be deposited on oxidized por 
tions or polymers previously deposited on the Substrate. In 
Some cases, the sacrificial material is deposited as a layer 
(e.g., 215 in FIG. 2). The layer can have a thickness of less 
than about 5 micrometers, less than about 4 micrometers, 
less than about 3 micrometers, less than about 2 microm 
eters, less than about 1 micrometer, less than about 900 nm, 
less than about 800 nm, less than about 700 nm, less than 
about 600 nm, less than about 500 nm, less than about 400 
nm, less than about 300 nm, less than about 200 nm, less 
than about 100 nm, etc. 

In some embodiments, a “bedding polymer can be 
deposited, e.g., on the sacrificial material. The bedding 
polymer may include one or more polymers, which may be 
deposited as one or more layers (220 in FIG. 2). The bedding 
polymer can be used to support the nanoscale wires, and in 
Some cases, partially or completely surround the nanoscale 
wires, depending on the application. For example, as dis 
cussed below, one or more nanoscale wires may be depos 
ited on at least a portion of the uppermost layer of bedding 
polymer. 

For instance, the bedding polymer can at least partially 
define a cell scaffold. In one set of embodiments, the 
bedding polymer may be deposited as a layer of material, 
Such that portions of the bedding polymer may be Subse 
quently removed. For example, the bedding polymer can be 
deposited using lithographic techniques such as e-beam 
lithography, photolithography, X-ray lithography, extreme 
ultraviolet lithography, ion projection lithography, etc., or 
using other techniques for removing polymer that are known 
to those of ordinary skill in the art. In some cases, more than 
one bedding polymer is used, e.g., deposited as more than 
one layer (e.g., sequentially), and each layer may indepen 
dently have a thickness of less than about 5 micrometers, 
less than about 4 micrometers, less than about 3 microm 
eters, less than about 2 micrometers, less than about 1 
micrometer, less than about 900 nm, less than about 800 nm, 
less than about 700 nm, less than about 600 nm, less than 
about 500 nm, less than about 400 nm, less than about 300 
nm, less than about 200 nm, less than about 100 nm, etc. For 
example, in Some embodiments, portions of the photoresist 
may be exposed to light (visible, UV, etc.), electrons, ions, 
X-rays, etc. (e.g., projected onto the photoresist), and the 
exposed portions can be etched away (e.g., using Suitable 
etchants, plasma, etc.) to produce the pattern. 

Accordingly, the bedding polymer may be formed into a 
particular pattern, e.g., in a grid, or in a pattern that suggests 
an endogenous cell scaffold, before or after deposition of 
nanoscale wires (as discussed in detail below), in certain 
embodiments of the invention. The pattern can be regular or 
irregular. For example, the bedding polymer can be formed 
into a pattern defining pore sizes Such as those discussed 
herein. For instance, the polymer may have an average pore 
size of at least about 100 micrometers, at least about 200 
micrometers, at least about 300 micrometers, at least about 
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400 micrometers, at least about 500 micrometers, at least 
about 600 micrometers, at least about 700 micrometers, at 
least about 800 micrometers, at least about 900 micrometers, 
or at least about 1 mm, and/or an average pore size of no 
more than about 1.5 mm, no more than about 1.4 mm, no 
more than about 1.3 mm, no more than about 1.2 mm, no 
more than about 1.1 mm, no more than about 1 mm, no more 
than about 900 micrometers, no more than about 800 
micrometers, no more than about 700 micrometers, no more 
than about 600 micrometers, or no more than about 500 
micrometers, etc. 
Any suitable polymer may be used as the bedding poly 

mer. In some cases, one or more of the polymers can be 
chosen to be biocompatible and/or biodegradable. In certain 
embodiments, one or more of the bedding polymers may 
comprise a photoresist. Photoresists can be useful due to 
their familiarity in use in lithographic techniques such as 
those discussed herein. Non-limiting examples of photore 
sists include SU-8, S1805, LOR3A, poly(methyl methacry 
late), poly(methyl glutarimide), phenol formaldehyde resin 
(diazonaphthoduinone/novolac), diazonaphthoduinone 
(DNQ), Hoechst AZ 4620, Hoechst AZ4562, Shipley 1400 
17, Shipley 1400-27, Shipley 1400-37, etc., as well as any 
others discussed herein. 

In certain embodiments, one or more of the bedding 
polymers can be heated or baked, e.g., before or after 
depositing nanoscale wires thereon as discussed below, 
and/or before or after patterning the bedding polymer. For 
example, such heating or baking, in Some cases, is important 
to prepare the polymer for lithographic patterning. In vari 
ous embodiments, the bedding polymer may be heated to a 
temperature of at least about 30°C., at least about 65° C., at 
least about 95°C., at least about 150° C., or at least about 
180° C., etc. 

Next, one or more nanoscale wires (e.g., 225 in FIG. 2) 
may be deposited, e.g., on a bedding polymer on the 
substrate. Any of the nanoscale wires described herein may 
be used, e.g., n-type and/or p-type nanoscale wires, Substan 
tially uniform nanoscale wires (e.g., having a variation in 
average diameter of less than 20%), nanoscale wires having 
a diameter of less than about 1 micrometer, semiconductor 
nanowires, silicon nanowires, bent nanoscale wires, kinked 
nanoscale wires, core/shell nanowires, nanoscale wires with 
heterojunctions, etc. In some cases, the nanoscale wires are 
present in a liquid which is applied to the Substrate, e.g., 
poured, painted, or otherwise deposited thereon. In some 
embodiments, the liquid is chosen to be relatively volatile, 
such that some or all of the liquid can be removed by 
allowing it to Substantially evaporate, thereby depositing the 
nanoscale wires. In some cases, at least a portion of the 
liquid can be dried off, e.g., by applying heat to the liquid. 
Examples of Suitable liquids include water or isopropanol. 

In some cases, at least Some of the nanoscale wires may 
be at least partially aligned, e.g., as part of the deposition 
process, and/or after the nanoscale wires have been depos 
ited on the Substrate. Thus, the alignment can occur before 
or after drying or other removal of the liquid, if a liquid is 
used. Any suitable technique may be used for alignment of 
the nanoscale wires. For example, the nanoscale wires can 
be aligned by passing or sliding Substrates containing the 
nanoscale wires past each other (see, e.g., International 
Patent Application No. PCT/US2007/008540, filed Apr. 6, 
2007, entitled “Nanoscale Wire Methods and Devices,” by 
Nam, et al., published as WO 2007/145701 on Dec. 21, 
2007, incorporated herein by reference in its entirety), the 
nanoscale wires can be aligned using Langmuir-Blodgett 
techniques (see, e.g., U.S. patent application Ser. No. 
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10/995,075, filed Nov. 22, 2004, entitled “Nanoscale Arrays 
and Related Devices.” by Whang, et al., published as U.S. 
Patent Application Publication No. 2005/0253137 on Nov. 
17, 2005, incorporated herein by reference in its entirety), 
the nanoscale wires can be aligned by incorporating the 
nanoscale wires in a liquid film or “bubble' which is 
deposited on the Substrate (see, e.g., U.S. patent application 
Ser. No. 12/311,667, filed Apr. 8, 2009, entitled “Liquid 
Films Containing Nanostructured Materials.” by Lieber, et 
al., published as U.S. Patent Application Publication No. 
2010/0143582 on Jun. 10, 2010, incorporated by reference 
herein in its entirety), or a gas or liquid can be passed across 
the nanoscale wires to align the nanoscale wires (see, e.g., 
U.S. Pat. No. 7,211,464, issued May 1, 2007, entitled 
"Doped Elongated Semiconductors, Growing Such Semi 
conductors, Devices Including Such Semiconductors, and 
Fabricating Such Devices.” by Lieber, et al.; and U.S. Pat. 
No. 7,301,199, issued Nov. 27, 2007, entitled “Nanoscale 
Wires and Related Devices.” by Lieber, et al., each incor 
porated herein by reference in its entirety). Combinations of 
these and/or other techniques can also be used in certain 
instances. In some cases, the gas may comprise an inert gas 
and/or a noble gas, such as nitrogen or argon. 

In certain embodiments, a “lead” polymer is deposited 
(230 in FIG. 2), e.g., on the sacrificial material and/or on at 
least Some of the nanoscale wires. The lead polymer may 
include one or more polymers, which may be deposited as 
one or more layers. The lead polymer can be used to cover 
or protect metal leads or other conductive pathways, which 
may be subsequently deposited on the lead polymer. In some 
embodiments, the lead polymer can be deposited, e.g., as a 
layer of material such that portions of the lead polymer can 
be subsequently removed, for instance, using lithographic 
techniques such as e-beam lithography, photolithography, 
X-ray lithography, extreme ultraviolet lithography, ion pro 
jection lithography, etc., or using other techniques for 
removing polymer that are known to those of ordinary skill 
in the art, similar to the bedding polymers previously 
discussed. However, the lead polymers need not be the same 
as the bedding polymers (although they can be), and they 
need not be deposited using the same techniques (although 
they can be). In some cases, more than one lead polymer 
may be used, e.g., deposited as more than one layer (for 
example, sequentially), and each layer may independently 
have a thickness of less than about 5 micrometers, less than 
about 4 micrometers, less than about 3 micrometers, less 
than about 2 micrometers, less than about 1 micrometer, less 
than about 900 nm, less than about 800 nm, less than about 
700 nm, less than about 600 nm, less than about 500 nm, less 
than about 400 nm, less than about 300 nm, less than about 
200 nm, less than about 100 nm, etc. 
Any suitable polymer can be used as the lead polymer. In 

Some cases, one or more of the polymers may be chosen to 
be biocompatible and/or biodegradable. For example, in one 
set of embodiments, one or more of the polymers may 
comprise poly(methyl methacrylate). In certain embodi 
ments, one or more of the lead polymers comprises a 
photoresist, such as those described herein. 

In certain embodiments, one or more of the lead polymers 
may be heated or baked, e.g., before or after depositing 
nanoscale wires thereon as discussed below, and/or before or 
after patterning the lead polymer. For example, Such heating 
or baking, in Some cases, is important to prepare the polymer 
for lithographic patterning. In various embodiments, the lead 
polymer may be heated to a temperature of at least about 30° 
C., at least about 65° C., at least about 95°C., at least about 
150° C., or at least about 180° C., etc. 
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Next, a metal or other conductive material can be depos 
ited (235 in FIG. 2), e.g., on one or more of the lead polymer, 
the sacrificial material, the nanoscale wires, etc. to form a 
metal lead or other conductive pathway. More than one 
metal can be used, which may be deposited as one or more 
layers. For example, a first metal may be deposited, e.g., on 
one or more of the lead polymers, and a second metal may 
be deposited on at least a portion of the first metal. Option 
ally, more metals can be used, e.g., a third metal may be 
deposited on at least a portion of the second metal, and the 
third metal may be the same or different from the first metal. 
In some cases, each metal may independently have a thick 
ness of less than about 5 micrometers, less than about 4 
micrometers, less than about 3 micrometers, less than about 
2 micrometers, less than about 1 micrometer, less than about 
900 nm, less than about 800 nm, less than about 700 nm, less 
than about 600 nm, less than about 500 nm, less than about 
400 nm, less than about 300 nm, less than about 200 nm, less 
than about 100 nm, less than about 80 nm, less than about 
60 nm, less than about 40 nm, less than about 30 nm, less 
than about 20 nm, less than about 10 nm, less than about 8 
nm, less than about 6 nm, less than about 4 nm, or less than 
about 2 nm, etc., and the layers may be of the same or 
different thicknesses. 
Any Suitable technique can be used for depositing metals, 

and if more than one metal is used, the techniques for 
depositing each of the metals may independently be the 
same or different. For example, in one set of embodiments, 
deposition techniques such as sputtering can be used. Other 
examples include, but are not limited to, physical vapor 
deposition, vacuum deposition, chemical vapor deposition, 
cathodic arc deposition, evaporative deposition, e-beam 
PVD, pulsed laser deposition, ion-beam sputtering, reactive 
sputtering, ion-assisted deposition, high-target-utilization 
sputtering, high-power impulse magnetron Sputtering, gas 
flow sputtering, or the like. 
The metals can be chosen in some cases such that the 

deposition process yields a pre-stressed arrangement, e.g., 
due to atomic lattice mismatch, which causes the Subsequent 
metal leads to warp or bend, for example, once released from 
the Substrate. Although Such processes were typically unde 
sired in the prior art, in certain embodiments of the present 
invention, such pre-stressed arrangements may be used to 
cause the resulting cell scaffold to form a 3-dimensional 
structure, in Some cases spontaneously, upon release from 
the substrate. However, it should be understood that in other 
embodiments, the metals may not necessary be deposited in 
a pre-stressed arrangement. 

Examples of metals that can be deposited (stressed or 
unstressed) include, but are not limited to, aluminum, gold, 
silver, copper, molybdenum, tantalum, titanium, nickel, 
tungsten, chromium, palladium, as well as any combinations 
of these and/or other metals. For example, a chromium/ 
palladium/chromium deposition process, in Some embodi 
ments, may form a pre-stressed arrangement that is able to 
spontaneously form a 3-dimensional structure after release 
from the substrate. 

In certain embodiments, a "coating polymer can be 
deposited (240 in FIG. 2), e.g., on at least some of the 
conductive pathways and/or at least some of the nanoscale 
wires. The coating polymer may include one or more 
polymers, which may be deposited as one or more layers. In 
Some embodiments, the coating polymer may be deposited 
on one or more portions of a substrate, e.g., as a layer of 
material Such that portions of the coating polymer can be 
Subsequently removed, e.g., using lithographic techniques 
Such as e-beam lithography, photolithography, X-ray lithog 
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12 
raphy, extreme ultraviolet lithography, ion projection lithog 
raphy, etc., or using other techniques for removing polymer 
that are known to those of ordinary skill in the art, similar 
to the other polymers previously discussed. The coating 
polymers can be the same or different from the lead poly 
mers and/or the bedding polymers. In some cases, more than 
one coating polymer may be used, e.g., deposited as more 
than one layer (e.g., sequentially), and each layer may 
independently have a thickness of less than about 5 microm 
eters, less than about 4 micrometers, less than about 3 
micrometers, less than about 2 micrometers, less than about 
1 micrometer, less than about 900 nm, less than about 800 
nm, less than about 700 nm, less than about 600 nm, less 
than about 500 nm, less than about 400 nm, less than about 
300 nm, less than about 200 nm, less than about 100 nm, etc. 
Any suitable polymer may be used as the coating polymer. 

In some cases, one or more of the polymers can be chosen 
to be biocompatible and/or biodegradable. For example, in 
one set of embodiments, one or more of the polymers may 
comprise poly(methyl methacrylate). In certain embodi 
ments, one or more of the coating polymers may comprise 
a photoresist, e.g., as discussed herein. 

In certain embodiments, one or more of the coating 
polymers can be heated or baked, e.g., before or after 
depositing nanoscale wires thereon as discussed below, 
and/or before or after patterning the coating polymer. For 
example, such heating or baking, in Some cases, is important 
to prepare the polymer for lithographic patterning. In vari 
ous embodiments, the coating polymer may be heated to a 
temperature of at least about 30°C., at least about 65°C., at 
least about 95°C., at least about 150° C., or at least about 
180° C., etc. 

After formation of the cell scaffold, some or all of the 
sacrificial material may then be removed in Some cases. In 
one set of embodiments, for example, at least a portion of the 
sacrificial material is exposed to an etchant able to remove 
the sacrificial material. For example, if the sacrificial mate 
rial is a metal Such as nickel, a suitable etchant (for example, 
a metal etchant such as a nickel etchant, acetone, etc.) can 
be used to remove the sacrificial metal. Many such etchants 
may be readily obtained commercially. In addition, in some 
embodiments, the cell scaffold can also be dried, e.g., in air 
(e.g., passively), by using a heat source, by using a critical 
point dryer, etc. 

In certain embodiments, upon removal of the sacrificial 
material, pre-stressed portions of the cell scaffold (e.g., 
metal leads containing dissimilar metals) can spontaneously 
cause the cell scaffold to adopt a 3-dimensional structure. In 
Some cases, the cell scaffold may form a 3-dimensional 
structure as discussed herein. For example, the cell scaffold 
may have an open porosity of at least about 30%, at least 
about 40%, at least about 50%, at least about 60%, at least 
about 70%, at least about 75%, at least about 80%, at least 
about 85%, at least about 90%, at least about 95%, at least 
about 97, at least about 99%, at least about 99.5%, or at least 
about 99.8%. The cell scaffold may also have, in some cases, 
an average pore size of at least about 100 micrometers, at 
least about 200 micrometers, at least about 300 micrometers, 
at least about 400 micrometers, at least about 500 microm 
eters, at least about 600 micrometers, at least about 700 
micrometers, at least about 800 micrometers, at least about 
900 micrometers, or at least about 1 mm, and/or an average 
pore size of no more than about 1.5 mm, no more than about 
1.4 mm, no more than about 1.3 mm, no more than about 1.2 
mm, no more than about 1.1 mm, no more than about 1 mm, 
no more than about 900 micrometers, no more than about 
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800 micrometers, no more than about 700 micrometers, no 
more than about 600 micrometers, or no more than about 
500 micrometers, etc. 

However, in other embodiments, further manipulation 
may be needed to cause the cell scaffold to adopt a 3-di 
mensional structure, e.g., one with properties such as is 
discussed herein. For example, after removal of the sacrifi 
cial material, the cell scaffold may need to be rolled, curled, 
folded, creased, etc., or otherwise manipulated to form the 
3-dimensional structure. Such manipulations can be done 
using any Suitable technique, e.g., manually, or using a 
machine. 

Other materials may be also added to the cell scaffold, 
e.g., before or after it forms a 3-dimensional structure, for 
example, to help stabilize the structure, to add additional 
agents to enhance its biocompatibility (e.g., growth hor 
mones, extracellular matrix protein, MatrigelTM, etc.), to 
cause it to form a suitable 3-dimension structure, to control 
pore sizes, etc. Non-limiting examples of Such materials 
have been previously discussed above, and include other 
polymers, growth hormones, extracellular matrix protein, 
specific metabolites or nutrients, additional scaffold materi 
als, or the like. 

In addition, in some cases, cells are plated or seeded on 
the cell scaffold and allowed to grow. For example, the cells 
may be plated on the cell scaffold in vitro, and/or the cell 
scaffold may be exposed or even Submerged within a Suit 
able cell growth medium. Such media are widely available 
commercially. In some embodiments, the cell scaffold can 
be subsequently implanted in vivo into a Subject, e.g., upon 
the growth of suitable from the cells. In other cases, the cell 
scaffold can directly be used in an in vivo setting, i.e., 
without needing plating of cells, and/or without formation of 
tissues before implantation. 

In addition, the cell scaffold can be interfaced in some 
embodiments with one or more electronics, e.g., an external 
electrical system Such as a computer or a transmitter (for 
instance, a radio transmitter, a wireless transmitter, etc.). In 
Some cases, electronic testing of the cell scaffold may be 
performed, e.g., before or after implantation into a subject. 
For instance, one or more of the metal leads may be 
connected to an external electrical circuit, e.g., to electroni 
cally interrogate or otherwise determine the electronic state 
or one or more of the nanoscale wires within the cell 
scaffold. Such determinations may be performed quantita 
tively and/or qualitatively, depending on the application, and 
can involve all, or only a Subset, of the nanoscale wires 
contained within the cell scaffold, e.g., as discussed herein. 

In general, cell scaffolds are structures that cells can 
attach to and grow on, e.g., to form biological tissues and 
other biological structures. The cell scaffold may comprise 
biocompatible and/or biodegradable materials in some 
aspects of the invention, and may also contain growth 
factors such as growth hormones, extracellular matrix pro 
teins, specific metabolites or nutrients, or the like. The cell 
scaffold typically is porous, e.g., to facilitate cell seeding 
therein, and/or diffusion into and out of the cell scaffold, e.g., 
of nutrients, waste products, etc. 
The cell scaffold can also comprise one or more nanoscale 

wires. Non-limiting examples of Suitable nanoscale wires 
include carbon nanotubes, nanorods, nanowires, organic and 
inorganic conductive and semiconducting polymers, metal 
nanoscale wires, semiconductor nanoscale wires (for 
example, formed from silicon), and the like. If carbon 
nanotubes are used, they may be single-walled and/or multi 
walled, and may be metallic and/or semiconducting in 
nature. Other conductive or semiconducting elements that 
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may not be nanoscale wires, but are of various Small 
nanoscopic-scale dimension, also can be used within the cell 
scaffold. 

In general, a "nanoscale wire' (also known herein as a 
"nanoscopic-scale wire' or "nanoscopic wire') generally is 
a wire or other nanoscale object, that at any point along its 
length, has at least one cross-sectional dimension and, in 
Some embodiments, two orthogonal cross-sectional dimen 
sions (e.g., a diameter) of less than 1 micrometer, less than 
about 500 nm, less than about 200 nm, less than about 150 
nm, less than about 100 nm, less than about 70, less than 
about 50 nm, less than about 20 nm, less than about 10 nm, 
less than about 5 nm, than about 2 nm, or less than about 1 
nm. In some embodiments, the nanoscale wire is generally 
cylindrical. In other embodiments, however, other shapes 
are possible; for example, the nanoscale wire can be faceted, 
i.e., the nanoscale wire may have a polygonal cross-section. 
The cross-section of a nanoscale wire can be of any arbitrary 
shape, including, but not limited to, circular, square, rect 
angular, annular, polygonal, or elliptical, and may be a 
regular or an irregular shape. The nanoscale wire can also be 
solid or hollow. 

In some cases, the nanoscale wire has one dimension that 
is Substantially longer than the other dimensions of the 
nanoscale wire. For example, the nanoscale wire may have 
a longest dimension that is at least about 1 micrometer, at 
least about 3 micrometers, at least about 5 micrometers, or 
at least about 10 micrometers or about 20 micrometers in 
length, and/or the nanoscale wire may have an aspect ratio 
(longest dimension to shortest orthogonal dimension) of 
greater than about 2:1, greater than about 3:1, greater than 
about 4:1, greater than about 5:1, greater than about 10:1, 
greater than about 25:1, greater than about 50:1, greater than 
about 75:1, greater than about 100:1, greater than about 
150:1, greater than about 250:1, greater than about 500:1, 
greater than about 750:1, or greater than about 1000:1 or 
more in Some cases. 

In some embodiments, a nanoscale wire are substantially 
uniform, or have a variation in average diameter of the 
nanoscale wire of less than about 30%, less than about 25%, 
less than about 20%, less than about 15%, less than about 
10%, or less than about 5%. For example, the nanoscale 
wires may be grown from Substantially uniform nanoclusters 
or particles, e.g., colloid particles. See, e.g., U.S. Pat. No. 
7,301,199, issued Nov. 27, 2007, entitled “Nanoscale Wires 
and Related Devices.” by Lieber, et al., incorporated herein 
by reference in its entirety. In some cases, the nanoscale wire 
may be one of a population of nanoscale wires having an 
average variation in diameter, of the population of 
nanowires, of less than about 30%, less than about 25%, less 
than about 20%, less than about 15%, less than about 10%, 
or less than about 5%. 

In some embodiments, a nanoscale wire has a conductiv 
ity of or of similar magnitude to any semiconductor or any 
metal. The nanoscale wire can be formed of suitable mate 
rials, e.g., semiconductors, metals, etc., as well as any 
Suitable combinations thereof. In some cases, the nanoscale 
wire will have the ability to pass electrical charge, for 
example, being electrically conductive. For example, the 
nanoscale wire may have a relatively low resistivity, e.g., 
less than about 10 Ohm m, less than about 10 Ohm m, 
less than about 10 Ohmm, or less than about 107 Ohm m. 
The nanoscale wire can, in Some embodiments, have a 
conductance of at least about 1 microSiemens, at least about 
3 microsiemens, at least about 10 microSiemens, at least 
about 30 microsiemens, or at least about 100 microsiemens. 
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The nanoscale wire can be solid or hollow, in various 
embodiments. As used herein, a "nanotube' is a nanoscale 
wire that is hollow, or that has a hollowed-out core, includ 
ing those nanotubes known to those of ordinary skill in the 
art. As another example, a nanotube may be created by 
creating a core/shell nanowire, then etching away at least a 
portion of the core to leave behind a hollow shell. Accord 
ingly, in one set of embodiments, the nanoscale wire is a 
non-carbon nanotube. In contrast, a "nanowire' is a 
nanoscale wire that is typically solid (i.e., not hollow). Thus, 
in one set of embodiments, the nanoscale wire may be a 
semiconductor nanowire, Such as a silicon nanowire. 

For example, in one embodiment, a nanoscale wire may 
comprise or consist essentially of a metal. Non-limiting 
examples of potentially Suitable metals include aluminum, 
gold, silver, copper, molybdenum, tantalum, titanium, 
nickel, tungsten, chromium, or palladium. In another set of 
embodiments, a nanoscale wire comprises or consists essen 
tially of a semiconductor. Typically, a semiconductor is an 
element having semiconductive or semi-metallic properties 
(i.e., between metallic and non-metallic properties). An 
example of a semiconductor is silicon. Other non-limiting 
examples include elemental semiconductors, such as gal 
lium, germanium, diamond (carbon), tin, selenium, tellu 
rium, boron, or phosphorous. In other embodiments, more 
than one element may be present in the nanoscale wire as the 
semiconductor, for example, gallium arsenide, gallium 
nitride, indium phosphide, cadmium selenide, etc. Still other 
examples include a Group II-VI material (which includes at 
least one member from Group II of the Periodic Table and 
at least one member from Group VI, for example, ZnS, 
ZnSe, ZnSSe, ZnCdS, CdS, or CdSe), or a Group III-V 
material (which includes at least one member from Group III 
and at least one member from Group V, for example GaAs, 
GaP. GaAsP, InAs, InP, AlGaAs, or InAsP). 

In certain embodiments, the semiconductor can be 
undoped or doped (e.g., p-type or n-type). For example, in 
one set of embodiments, a nanoscale wire may be a p-type 
semiconductor nanoscale wire or an n-type semiconductor 
nanoscale wire, and can be used as a component of a 
transistor such as a field effect transistor (“FET). For 
instance, the nanoscale wire may act as the 'gate of a 
Source-gate-drain arrangement of a FET, while metal leads 
or other conductive pathways (as discussed herein) are used 
as the Source and drain electrodes. 

In some embodiments, a dopant or a semiconductor may 
include mixtures of Group IV elements, for example, a 
mixture of silicon and carbon, or a mixture of silicon and 
germanium. In other embodiments, the dopant or the semi 
conductor may include a mixture of a Group III and a Group 
V element, for example, BN, BP, BAS, AIN. AlP. AlAs. 
AlSb, GaN, Gap, GaAs, GaSb, InN, InP, InAs, or InSb. 
Mixtures of these may also be used, for example, a mixture 
of BN/BP/BAS, or BN/AlP. In other embodiments, the 
dopants may include alloys of Group III and Group V 
elements. For example, the alloys may include a mixture of 
AlGaN, GaPAS, InPAS, GainN, AlGainN, GainAsP, or the 
like. In other embodiments, the dopants may also include a 
mixture of Group II and Group VI semiconductors. For 
example, the semiconductor may include ZnO, ZnS, ZnSe, 
ZnTe, CdS, CdSe, CdTe. HgS, HgSe, HgTe, BeS, BeSe, 
BeTe, MgS, MgSe, or the like. Alloys or mixtures of these 
dopants are also be possible, for example, (ZnCd)Se, or 
Zn(SSe), or the like. Additionally, alloys of different groups 
of semiconductors may also be possible, for example, a 
combination of a Group II-Group VI and a Group III-Group 
V semiconductor, for example, (GaAs), (ZnS). Other 
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examples of dopants may include combinations of Group IV 
and Group VI elements, such as GeS, GeSe, GeTe, SnS, 
SnSe, SnTe, PbO, PbS, PbSe, or PbTe. Other semiconductor 
mixtures may include a combination of a Group I and a 
Group VII, such as CuF, CuC1, CuBr, Cut AgF, AgCl, AgBr, 
AgI, or the like. Other dopant compounds may include 
different mixtures of these elements, such as BeSiN 
CaCN, ZnGeP, CdSnAs, ZnSnSb, CuGeP, CuSiPs, 
SiN GeN, Al-O. (Al. Ga, In)(S, Se, Te). All-CO. (Cu, 
Ag)(Al. Ga, In, T1, Fe)(S, Se, Te) and the like. 
The doping of the semiconductor to produce a p-type or 

n-type semiconductor may be achieved via bulk-doping in 
certain embodiments, although in other embodiments, other 
doping techniques (such as ion implantation) can be used. 
Many such doping techniques that can be used will be 
familiar to those of ordinary skill in the art, including both 
bulk doping and Surface doping techniques. A bulk-doped 
article (e.g. an article, or a section or region of an article) is 
an article for which a dopant is incorporated Substantially 
throughout the crystalline lattice of the article, as opposed to 
an article in which a dopant is only incorporated in particular 
regions of the crystal lattice at the atomic scale, for example, 
only on the Surface or exterior. For example, Some articles 
are typically doped after the base material is grown, and thus 
the dopant only extends a finite distance from the Surface or 
exterior into the interior of the crystalline lattice. It should 
be understood that “bulk-doped does not define or reflect a 
concentration or amount of doping in a semiconductor, nor 
does it necessarily indicate that the doping is uniform. 
“Heavily doped' and “lightly doped” are terms the meanings 
of which are clearly understood by those of ordinary skill in 
the art. In some embodiments, one or more regions comprise 
a single monolayer of atoms ("delta-doping). In certain 
cases, the region may be less than a single monolayer thick 
(for example, if some of the atoms within the monolayer are 
absent). As a specific example, the regions may be arranged 
in a layered structure within the nanoscale wire, and one or 
more of the regions can be delta-doped or partially delta 
doped. 

Accordingly, in one set of embodiments, the nanoscale 
wires may include a heterojunction, e.g., of two regions with 
dissimilar materials or elements, and/or the same materials 
or elements but at different ratios or concentrations. The 
regions of the nanoscale wire may be distinct from each 
other with minimal cross-contamination, or the composition 
of the nanoscale wire can vary gradually from one region to 
the next. The regions may be both longitudinally arranged 
relative to each other, or radially arranged (e.g., as in a 
core/shell arrangement) on the nanoscale wire. Each region 
may be of any size or shape within the wire. The junctions 
may be, for example, a pin junction, a p?p junction, an n/n 
junction, a p?i junction (where i refers to an intrinsic 
semiconductor), an n/ijunction, an i?i junction, or the like. 
The junction can also be a Schottky junction in some 
embodiments. The junction may also be, for example, a 
semiconductor/semiconductor junction, a semiconductor/ 
metal junction, a semiconductor/insulator junction, a metal/ 
metal junction, a metal/insulator junction, an insulator/ 
insulator junction, or the like. The junction may also be a 
junction of two materials, a doped semiconductor to a doped 
or an undoped semiconductor, or a junction between regions 
having different dopant concentrations. The junction can 
also be a defected region to a perfect single crystal, an 
amorphous region to a crystal, a crystal to another crystal, an 
amorphous region to another amorphous region, a defected 
region to another defected region, an amorphous region to a 
defected region, or the like. More than two regions may be 
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present, and these regions may have unique compositions or 
may comprise the same compositions. As one example, a 
wire can have a first region having a first composition, a 
second region having a second composition, and a third 
region having a third composition or the same composition 
as the first composition. Non-limiting examples of nanoscale 
wires comprising heterojunctions (including core/shell het 
erojunctions, longitudinal heterojunctions, etc., as well as 
combinations thereof) are discussed in U.S. Pat. No. 7.301, 
199, issued Nov. 27, 2007, entitled “Nanoscale Wires and 
Related Devices.” by Lieber, et al., incorporated herein by 
reference in its entirety. 

In some embodiments, a nanoscale wire is a bent or a 
kinked nanoscale wire. A kink is typically a relatively sharp 
transition or turning between a first Substantially straight 
portion of a wire and a second Substantially straight portion 
of a wire. For example, a nanoscale wire may have 1, 2, 3, 
4, or 5 or more kinks. In some cases, the nanoscale wire is 
formed from a single crystal and/or comprises or consists 
essentially of a single crystallographic orientation, for 
example, a <110> crystallographic orientation, a <112> 
crystallographic orientation, or a <1120> crystallographic 
orientation. It should be noted that the kinked region need 
not have the same crystallographic orientation as the rest of 
the semiconductor nanoscale wire. In some embodiments, a 
kink in the semiconductor nanoscale wire may be at an angle 
of about 120° or a multiple thereof. The kinks can be 
intentionally positioned along the nanoscale wire in some 
cases. For example, a nanoscale wire may be grown from a 
catalyst particle by exposing the catalyst particle to various 
gaseous reactants to cause the formation of one or more 
kinks within the nanoscale wire. Non-limiting examples of 
kinked nanoscale wires, and Suitable techniques for making 
Such wires, are disclosed in International Patent Application 
No. PCT/US2010/050199, filed Sep. 24, 2010, entitled 
“Bent Nanowires and Related Probing of Species.” by Tian, 
et al., published as WO 2011/038228 on Mar. 31, 2011, 
incorporated herein by reference in its entirety. 

In one set of embodiments, the nanoscale wire is formed 
from a single crystal, for example, a single crystal nanoscale 
wire comprising a semiconductor. A single crystal item may 
be formed via covalent bonding, ionic bonding, or the like, 
and/or combinations thereof. While such a single crystal 
item may include defects in the crystal in some cases, the 
single crystal item is distinguished from an item that 
includes one or more crystals, not ionically or covalently 
bonded, but merely in close proximity to one another. 

In some embodiments, the nanoscale wires used herein 
are individual or free-standing nanoscale wires. For 
example, an “individual' or a “free-standing nanoscale 
wire may, at Some point in its life, not be attached to another 
article, for example, with another nanoscale wire, or the 
free-standing nanoscale wire may be in solution. This is in 
contrast to nanoscale features etched onto the Surface of a 
Substrate, e.g., a silicon wafer, in which the nanoscale 
features are never removed from the surface of the substrate 
as a free-standing article. This is also in contrast to conduc 
tive portions of articles which differ from surrounding 
material only by having been altered chemically or physi 
cally, in situ, i.e., where a portion of a uniform article is 
made different from its surroundings by selective doping, 
etching, etc. An "individual' or a “free-standing nanoscale 
wire is one that can be (but need not be) removed from the 
location where it is made, as an individual article, and 
transported to a different location and combined with dif 
ferent components to make a functional device Such as those 
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described herein and those that would be contemplated by 
those of ordinary skill in the art upon reading this disclosure. 

In various embodiments, more than one nanoscale wire 
may be present within the cell scaffold. The nanoscale wires 
may each independently be the same or different. For 
example, the cell scaffold can comprise at least 5 nanoscale 
wires, at least about 10 nanoscale wires, at least about 30 
nanoscale wires, at least about 50 nanoscale wires, at least 
about 100 nanoscale wires, at least about 300 nanoscale 
wires, at least about 1000 nanoscale wires, etc. The 
nanoscale wires may be distributed uniformly or non-uni 
formly throughout the cell scaffold. In some cases, the 
nanoscale wires may be distributed at an average density of 
at least about 10 nanoscale wires/mm. at least about 30 
nanoscale wires/mm, at least about 50 nanoscale wires/ 
mm, at least about 75 nanoscale wires/mm, or at least 
about 100 nanoscale wires/mm. In certain embodiments, 
the nanoscale wires are distributed within the cell scaffold 
Such that the average separation between a nanoscale wire 
and its nearest neighboring nanoscale wire is less than about 
2 mm, less than about 1 mm, less than about 500 microm 
eters, less than about 300 micrometers, less than about 100 
micrometers, less than about 50 micrometers, less than about 
30 micrometers, or less than about 10 micrometers. 

Within the cell scaffold, some or all of the nanoscale wires 
may be individually electronically addressable. For instance, 
in some cases, at least about 10%, at least about 20%, at least 
about 30%, at least about 40%, at least about 50%, at least 
about 60%, at least about 70%, at least about 80%, at least 
about 90%, or substantially all of the nanoscale wires within 
the cell scaffold may be individually electronically address 
able. In some embodiments, an electrical property of a 
nanoscale wire can be individually determinable (e.g., being 
partially or fully resolvable without also including the 
electrical properties of other nanoscale wires), and/or Such 
that the electrical property of a nanoscale wire may be 
individually controlled (e.g., by applying a desired Voltage 
or current to the nanoscale wire, for instance, without 
simultaneously applying the Voltage or current to other 
nanoscale wires). In other embodiments, however, at least 
some of the nanoscale wires can be controlled within the 
same electronic circuit (e.g., by incorporating the nanoscale 
wires in series and/or in parallel). Such that the nanoscale 
wires can still be electronically controlled and/or deter 
mined. 
The nanoscale wire, in Some embodiments, may be 

responsive to a property external of the nanoscale wire, e.g., 
a chemical property, an electrical property, a physical prop 
erty, etc. Such determination may be qualitative and/or 
quantitative. For example, in one set of embodiments, the 
nanoscale wire may be responsive to Voltage. For instance, 
the nanoscale wire may exhibits a Voltage sensitivity of at 
least about 5 microsiemens/V: by determining the conduc 
tivity of a nanoscale wire, the Voltage Surrounding the 
nanoscale wire may thus be determined. In other embodi 
ments, the voltage sensitivity can be at least about 10 
microsiemens/V, at least about 30 microsiemens/V, at least 
about 50 microsiemens/V, or at least about 100 microsie 
mens/V. Other examples of electrical properties that can be 
determined include resistance, resistivity, conductance, con 
ductivity, impendence, or the like. 
As another example, a nanoscale wire may be responsive 

to a chemical property of the environment Surrounding the 
nanoscale wire. For example, an electrical property of the 
nanoscale wire can be affected by a chemical environment 
Surrounding the nanoscale wire, and the electrical property 
can be thereby determined to determine the chemical envi 



US 9,457,128 B2 
19 

ronment Surrounding the nanoscale wire. As a specific 
non-limiting example, the nanoscale wires may be sensitive 
to pH or hydrogen ions. Further non-limiting examples of 
such nanoscale wires are discussed in U.S. Pat. No. 7,129, 
554, filed Oct. 31, 2006, entitled “Nanosensors,” by Lieber, 
et al., incorporated herein by reference in its entirety. 
As an example, the nanoscale wire may have the ability 

to bind to an analyte indicative of a chemical property of the 
environment Surrounding the nanoscale wire (e.g., hydrogen 
ions for pH, or concentration for an analyte of interest), 
and/or the nanoscale wire may be partially or fully func 
tionalized, i.e. comprising Surface functional moieties, to 
which an analyte is able to bind, thereby causing a deter 
minable property change to the nanoscale wire, e.g., a 
change to the resistivity or impedance of the nanoscale wire. 
The binding of the analyte can be specific or non-specific. 
Functional moieties may include simple groups, selected 
from the groups including, but not limited to. —OH, 
—CHO, -COOH, -SOH, - CN, -NH, -SH, 
—COSH, —COOR, halide; biomolecular entities including, 
but not limited to, amino acids, proteins, Sugars, DNA, 
antibodies, antigens, and enzymes; grafted polymer chains 
with chain length less than the diameter of the nanowire 
core, selected from a group of polymers including, but not 
limited to, polyamide, polyester, polyimide, polyacrylic; a 
shell of material comprising, for example, metals, semicon 
ductors, and insulators, which may be a metallic element, an 
oxide, an Sulfide, a nitride, a selenide, a polymer and a 
polymer gel. 

In some embodiments, a reaction entity may be bound to 
a surface of the nanoscale wire, and/or positioned in relation 
to the nanoscale wire such that the analyte can be determined 
by determining a change in a property of the nanoscale wire. 
The “determination' may be quantitative and/or qualitative, 
depending on the application. The term “reaction entity” 
refers to any entity that can interact with an analyte in Such 
a manner to cause a detectable change in a property (Such as 
an electrical property) of a nanoscale wire. The reaction 
entity may enhance the interaction between the nanowire 
and the analyte, or generate a new chemical species that has 
a higher affinity to the nanowire, or to enrich the analyte 
around the nanowire. The reaction entity can comprise a 
binding partner to which the analyte binds. The reaction 
entity, when a binding partner, can comprise a specific 
binding partner of the analyte. For example, the reaction 
entity may be a nucleic acid, an antibody, a Sugar, a 
carbohydrate or a protein. Alternatively, the reaction entity 
may be a polymer, catalyst, or a quantum dot. A reaction 
entity that is a catalyst can catalyze a reaction involving the 
analyte, resulting in a product that causes a detectable 
change in the nanowire, e.g. via binding to an auxiliary 
binding partner of the product electrically coupled to the 
nanowire. Another exemplary reaction entity is a reactant 
that reacts with the analyte, producing a product that can 
cause a detectable change in the nanowire. The reaction 
entity can comprise a shell on the nanowire, e.g. a shell of 
a polymer that recognizes molecules in, e.g., a gaseous 
sample, causing a change in conductivity of the polymer 
which, in turn, causes a detectable change in the nanowire. 

The term “binding partner refers to a molecule that can 
undergo binding with a particular analyte, or “binding 
partner thereof, and includes specific, semi-specific, and 
non-specific binding partners as known to those of ordinary 
skill in the art. The term “specifically binds, when referring 
to a binding partner (e.g., protein, nucleic acid, antibody, 
etc.), refers to a reaction that is determinative of the presence 
and/or identity of one or other member of the binding pair 
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in a mixture of heterogeneous molecules (e.g., proteins and 
other biologics). Thus, for example, in the case of a receptor/ 
ligand binding pair the ligand would specifically and/or 
preferentially select its receptor from a complex mixture of 
molecules, or vice versa. An enzyme would specifically bind 
to its substrate, a nucleic acid would specifically bind to its 
complement, an antibody would specifically bind to its 
antigen. Other examples include, nucleic acids that specifi 
cally bind (hybridize) to their complement, antibodies spe 
cifically bind to their antigen, and the like. The binding may 
be by one or more of a variety of mechanisms including, but 
not limited to ionic interactions, and/or covalent interac 
tions, and/or hydrophobic interactions, and/or van der Waals 
interactions, etc. 
Some or all of the nanoscale wires may be in electrical 

communication with a surface of the cell scaffold via one or 
more conductive pathways. In some embodiments, conduc 
tive pathways can be used to determine a property of a 
nanoscale wire (for example, an electrical property or a 
chemical property as is discussed herein), and/or the con 
ductive pathway may be used to direct an electrical signal to 
the nanoscale wire, e.g., to electrically stimulate cells proxi 
mate the nanoscale wire. The conductive pathways can form 
an electrical circuit that is internally contained within the 
cell scaffold, and/or that extends externally of the cell 
scaffold, e.g., Such that the electrical circuit is in electrical 
communication with an external electrical system, Such as a 
computer or a transmitter (for instance, a radio transmitter, 
a wireless transmitter, an Internet connection, etc.). Any 
Suitable pathway conductive pathway may be used, for 
example, pathways comprising metals, semiconductors, 
conductive polymers, or the like. 

In some embodiments, more than one conductive pathway 
may be used within a cell scaffold. For example, multiple 
conductive pathways can be used such that some or all of the 
nanoscale wires may be individually electronically address 
able within the cell scaffold. However, in other embodi 
ments, more than one nanoscale wire may be addressable by 
a particular conductive pathway. In addition, in Some cases, 
other electronic components may also be present within the 
cell scaffold, e.g., as part of a conductive pathway or 
otherwise forming part of an electrical circuit. Examples 
include, but are not limited to, transistors such as field effect 
transistors, resistors, capacitors, inductors, diodes, inte 
grated circuits, etc. In some cases. Some of these may also 
comprise nanoscale wires. 

In addition, in some cases, the conductive pathway and/or 
electronic components can be at least partially Surrounded 
by or contained within one or more polymeric constructs 
used to form the cell scaffold. For example, a conductive 
pathway, Such as a metal lead, may be “sandwiched 
between two polymers (which can be the same or different 
from each other) that form a polymeric construct of the cell 
scaffold. Accordingly, in Some embodiments, the conductive 
pathway may be relatively narrow. For example, the con 
ductive pathway may have a smallest dimension or a largest 
cross-sectional dimension of less than about 5 micrometers, 
less than about 4 micrometers, less than about 3 microm 
eters, less than about 2 micrometers, less than about 1 
micrometer, less than about 700 nm, less than about 600 nm, 
less than about 500 nm, less than about 300 nm, less than 
about 200 nm, less than about 100 nm, less than about 80 
nm, less than about 50 nm, less than about 30 nm, less than 
about 10 nm, less than about 5 nm, less than about 2 nm, etc. 
The conductive pathway may have any suitable cross 
Sectional shape, e.g., circular, square, rectangular, polygo 
nal, elliptical, regular, irregular, etc. AS is discussed in detail 
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below, such conductive pathways may be achieved using 
lithographic or other techniques. 
A given conductive pathway within a cell scaffold may be 

in electrical communication with any number of nanoscale 
wires within a cell scaffold, depending on the embodiment. 
For example, a conductive pathway can be in electrical 
communication with one, two, three, or more nanoscale 
wires, and if more than one nanoscale wire is used within a 
given conductive pathway, the nano scale wires may each 
independently be the same or different. Thus, for example, 
an electrical property of the nanoscale wire may be deter 
mined via the conductive pathway, and/or a signal can be 
propagated via the conductive pathway to the nanoscale 
wire. In addition, as previously discussed. Some or all of the 
nanoscale wires may be in electrical communication with a 
surface of the cell scaffold via one or more conductive 
pathways. For example, in some cases, at least about 10%, 
at least about 20%, at least about 30%, at least about 40%, 
at least about 50%, at least about 60%, at least about 70%, 
at least about 80%, or at least about 90% of the nanoscale 
wires within the cell scaffold may be in electrical commu 
nication with one or more conductive pathways, or other 
wise form portions of one or more electrical circuits extend 
ing externally of the cell scaffold. In some cases, however, 
not all of the nanoscale wires within a cell scaffold may be 
in electrical communication with one or more conductive 
pathways, e.g., by design, or because of inefficiencies within 
the fabrication process, etc. 

In some embodiments, one or more metal leads can be 
used within a conductive pathway to a nanoscale wire. The 
metal lead may directly physically contact the nanoscale 
wire and/or there may be other materials between the metal 
lead and the nanoscale wire that allow electrical communi 
cation to occur. Metal leads are useful due to their high 
conductance, e.g., Such that changes within electrical prop 
erties obtained from the conductive pathway can be related 
to changes in properties of the nanoscale wire, rather than 
changes in properties of the conductive pathway. However, 
it is not a requirement that only metal leads be used, and in 
other embodiments, other types of conductive pathways may 
also be used, in addition or instead of metal leads. 
A wide variety of metal leads can be used, in various 

embodiments of the invention. As non-limiting examples, 
the metals used within a metal lead may include aluminum, 
gold, silver, copper, molybdenum, tantalum, titanium, 
nickel, tungsten, chromium, palladium, as well as any com 
binations of these and/or other metals. In some cases, the 
metal can be chosen to be one that is readily introduced into 
the cell scaffold, e.g., using techniques compatible with 
lithographic techniques. For example, in one set of embodi 
ments, lithographic techniques such as e-beam lithography, 
photolithography, X-ray lithography, extreme ultraviolet 
lithography, ion projection lithography, etc. may be used to 
layer or deposit one or more metals on a Substrate. Addi 
tional processing steps can also be used to define or register 
the metal leads in some cases. Thus, for example, the 
thickness of a metal layer may be less than about 5 microm 
eters, less than about 4 micrometers, less than about 3 
micrometers, less than about 2 micrometers, less than about 
1 micrometer, less than about 700 nm, less than about 600 
nm, less than about 500 nm, less than about 300 nm, less 
than about 200 nm, less than about 100 nm, less than about 
80 nm, less than about 50 nm, less than about 30 nm, less 
than about 10 nm, less than about 5 nm, less than about 2 
nm, etc. The thickness of the layer may also be at least about 
10 nm, at least about 20 nm, at least about 40 nm, at least 
about 60 nm, at least about 80 nm, or at least about 100 nm. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

22 
For example, the thickness of a layer may be between about 
40 nm and about 100 nm, between about 50 nm and about 
80 nm. 

In some embodiments, more than one metal can be used 
within a metal lead. For example, two, three, or more metals 
may be used within a metal lead. The metals may be 
deposited in different regions or alloyed together, or in some 
cases, the metals may be layered on top of each other, e.g., 
layered on top of each other using various lithographic 
techniques. For example, a second metal may be deposited 
on a first metal, and in some cases, a third metal may be 
deposited on the second metal, etc. Additional layers of 
metal (e.g., fourth, fifth, sixth, etc.) may also be used in some 
embodiments. The metals can all be different, or in some 
cases, some of the metals (e.g., the first and third metals) 
may be the same. Each layer may independently be of any 
Suitable thickness or dimension, e.g., of the dimensions 
described above, and the thicknesses of the various layers 
can independently be the same or different. 

If dissimilar metals are layered on top of each other, they 
may be layered in Some embodiments in a “stressed” con 
figuration (although in other embodiments they may not 
necessarily be stressed). As a specific non-limiting example, 
chromium and palladium can be layered together to cause 
stresses in the metal leads to occur, thereby causing warping 
or bending of the metal leads. The amount and type of stress 
may also be controlled, e.g., by controlling the thicknesses 
of the layers. For example, relatively thinner layers can be 
used to increase the amount of warping that occurs. 

Without wishing to be bound by any theory, it is believed 
that layering metals having a difference in stress (e.g., film 
stress) with respect to each other may, in some cases, cause 
stresses within the metal, which can cause bending or 
warping as the metals seek to relieve the stresses. In some 
embodiments, such mismatches are undesirable because 
they could cause warping of the metal leads and thus, the cell 
scaffold. However, in other embodiments, such mismatches 
may be desired, e.g., so that the cell scaffold can be 
intentionally deformed to form a 3-dimensional structure, as 
discussed below. In addition, in certain embodiments, the 
deposition of mismatched metals within a lead may occur at 
specific locations within the cell scaffold, e.g., to cause 
specific warpings to occur, which can be used to cause the 
cell scaffold to be deformed into a particular shape or 
configuration. For example, a "line' of such mismatches can 
be used to cause an intentional bending or folding along the 
line of the cell scaffold. 

In one set of embodiments, the cell scaffold may also 
contain one or more polymeric constructs. The polymeric 
constructs typically comprise one or more polymers, e.g., 
photoresists, biocompatible polymers, biodegradable poly 
mers, etc., and optionally may contain other materials, for 
example, metal leads or other conductive pathway materials. 
The polymeric constructs may be separately formed then 
assembled into a cell scaffold, and/or the polymeric con 
structs may be integrally formed as part of the cell scaffold, 
for example, by forming or manipulating (e.g. folding, 
rolling, etc.) the polymeric constructs into a 3-dimensional 
structure that defines the cell scaffold. 

In one set of embodiments, some or all of the polymeric 
constructs have the form of fibers or ribbons. For example, 
the polymeric constructs may have one dimension that is 
Substantially longer than the other dimensions of the poly 
meric construct. The fibers can in Some cases be joined 
together to form a “network” or “mesh' of fibers that define 
the cell scaffold. For example, referring to FIG. 4A, Panel II, 
a cell scaffold may contain a plurality of fibers that are 
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orthogonally arranged to form a regular network of poly 
meric constructs. However, the polymeric constructs need 
not be regularly arranged, as is shown in FIG. 4A, Panel I. 
with a more irregular arrangement of polymer constructs. In 
addition, it should be noted that although FIG. 4A shows 
only polymer constructs having the form of fibers, this is by 
way of example only, and in other embodiments, other 
shapes of polymeric constructs can be used. In general, any 
shape or dimension of polymeric construct that allows for 
cell growth may be used. 

Thus, for example, in one set of embodiments, some or all 
of the polymeric constructs have a smallest dimension or a 
largest cross-sectional dimension of less than about 5 
micrometers, less than about 4 micrometers, less than about 
3 micrometers, less than about 2 micrometers, less than 
about 1 micrometer, less than about 700 nm, less than about 
600 nm, less than about 500 nm, less than about 300 nm, less 
than about 200 nm, less than about 100 nm, less than about 
80 nm, less than about 50 nm, less than about 30 nm, less 
than about 10 nm, less than about 5 nm, less than about 2 
nm, etc. A polymeric construct may also have any Suitable 
cross-sectional shape, e.g., circular, Square, rectangular, 
polygonal, elliptical, regular, irregular, etc. Examples of 
methods of forming polymeric constructs, e.g., by litho 
graphic or other techniques, are discussed below. 

In one set of embodiment, the polymeric constructs can be 
arranged Such that the cell scaffold has dimensions that 
facilitate cell seeding therein, and/or diffusion into and out 
of the cell scaffold, e.g., of nutrients, waste products, etc. For 
example, in Some cases, the polymeric constructs may be 
constructed and arranged within the cell scaffold such that 
the cell scaffold has an open porosity of at least about 30%, 
at least about 40%, at least about 50%, at least about 60%, 
at least about 70%, at least about 75%, at least about 80%, 
at least about 85%, at least about 90%, at least about 95%, 
at least about 97, at least about 99%, at least about 99.5%, 
or at least about 99.8%. The “open porosity' is generally 
described as the volume of empty space within the cell 
scaffold divided by the overall volume defined by the cell 
scaffold, and can be thought of as being equivalent to Void 
Volume. Typically, the open porosity includes the Volume 
within the cell scaffold to which cells can access. In some 
cases, the cell scaffold does not contain significant amounts 
of internal volume to which the cells are incapable of 
addressing, e.g., due to lack of access and/or pore access 
being too small. 

In some cases, a “two-dimensional open porosity' may 
also be defined, e.g., of a cell scaffold that is Subsequently 
formed or manipulated into a 3-dimensional structure. The 
two-dimensional open porosities of a cell scaffold can be 
defined as the void area within the two-dimensional con 
figuration of the cell scaffold (e.g., where no material is 
present) divided by the overall area of cell scaffold, and can 
be determined before or after the cell scaffold has been 
formed into a 3-dimensional structure. Depending on the 
application, a cell scaffold may have a two-dimensional 
open porosity of at least about 30%, at least about 40%, at 
least about 50%, at least about 60%, at least about 70%, at 
least about 75%, at least about 80%, at least about 85%, at 
least about 90%, at least about 95%, at least about 97, at least 
about 99%, at least about 99.5%, or at least about 99.8%, etc. 

Another method of generally determining the two-dimen 
sional porosity of the cell scaffold is by determining the areal 
mass density, i.e., the mass of the cell scaffold divided by the 
area of one face of the cell scaffold (including holes or voids 
present therein). Thus, for example, in another set of 
embodiments, the cell scaffold may have an areal mass 
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density of less than about 100 micrograms/cm, less than 
about 80 micrograms/cm, less than about 60 micrograms/ 
cm, less than about 50 micrograms/cm, less than about 40 
micrograms/cm, less than about 30 micrograms/cm, or less 
than about 20 micrograms/cm. 
The porosity of a cell scaffold can be defined by one or 

more pores. Pores that are too small can hinder or restrict 
cell access. Thus, in one set of embodiments, the cell 
scaffold may have an average pore size of at least about 100 
micrometers, at least about 200 micrometers, at least about 
300 micrometers, at least about 400 micrometers, at least 
about 500 micrometers, at least about 600 micrometers, at 
least about 700 micrometers, at least about 800 micrometers, 
at least about 900 micrometers, or at least about 1 mm. 
However, in other embodiments, pores that are too big may 
prevent cells from being able to satisfactorily use or even 
access the pore Volume. Thus, in some cases, the cell 
scaffold may have an average pore size of no more than 
about 1.5 mm, no more than about 1.4 mm, no more than 
about 1.3 mm, no more than about 1.2 mm, no more than 
about 1.1 mm, no more than about 1 mm, no more than about 
900 micrometers, no more than about 800 micrometers, no 
more than about 700 micrometers, no more than about 600 
micrometers, or no more than about 500 micrometers. 
Combinations of these are also possible, e.g., in one embodi 
ment, the average pore size is at least about 100 micrometers 
and no more than about 1.5 mm. In addition, larger or 
Smaller pores than these can also be used in a cell scaffold 
in certain cases. Pore sizes may be determined using any 
Suitable technique, e.g., through visual inspection, BET 
measurements, or the like. 

In various embodiments, one or more of the polymers 
forming a polymeric construct may be a photoresist. While 
not commonly used in cell scaffolds, photoresists are typi 
cally used in lithographic techniques, which can be used as 
discussed herein to form the polymeric construct. For 
example, the photoresist may be chosen for its ability to 
react to light to become substantially insoluble (or substan 
tially soluble, in some cases) to a photoresist developer. For 
instance, photoresists that can be used within a polymeric 
construct include, but are not limited to, SU-8, S1805, LOR 
3A, poly(methyl methacrylate), poly(methyl glutarimide), 
phenol formaldehyde resin (diazonaphthoduinone/novolac), 
diazonaphthoduinone (DNQ), Hoechst AZ 4620, Hoechst 
AZ4562, Shipley 1400-17, Shipley 1400-27, Shipley 1400 
37, or the like. These and many other photoresists are 
available commercially. 
A polymeric construct may also contain one or more 

polymers that are biocompatible and/or biodegradable, in 
certain embodiments. A polymer can be biocompatible, 
biodegradable, or both biocompatible and biodegradable, 
and in some cases, the degree of biodegradation or biocom 
patibility depends on the physiological environment to 
which the polymer is exposed to. 

Typically, a biocompatible material is one that does not 
illicit an immune response, or elicits a relatively low 
immune response, e.g., one that does not impair the cell 
scaffold or the cells therein from continuing to function for 
its intended use. In some embodiments, the biocompatible 
material is able to perform its desired function without 
eliciting any undesirable local or systemic effects in the 
Subject. In some cases, the material can be incorporated into 
tissues within the Subject, e.g., without eliciting any unde 
sirable local or systemic effects, or such that any biological 
response by the subject does not substantially affect the 
ability of the material from continuing to function for its 
intended use. For example, in a cell scaffold, the cell scaffold 
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may be able to support appropriate cellular or tissue activity 
when implanted within a Subject, e.g., including the facili 
tation of molecular and/or mechanical signaling systems, 
without substantially eliciting undesirable effects in those 
cells, or undesirable local or systemic responses, or without 5 
eliciting a response that causes the cell scaffold to cease 
functioning for its intended use. Examples of techniques for 
determining biocompatibility include, but are not limited to, 
the ISO 10993 series of for evaluating the biocompatibility 
of medical devices. As another example, a biocompatible 10 
material may be implanted in a Subject for an extended 
period of time, e.g., at least about a month, at least about 6 
months, or at least about a year, and the integrity of the 
material, or the immune response to the material, may be 
determined. For example, a suitably biocompatible material 15 
may be one in which the immune response is minimal, e.g., 
one that does not substantially harm the health of the subject. 
One example of a biocompatible material is poly(methyl 
methacrylate). In some embodiments, a biocompatible mate 
rial may be used to cover or shield a non-biocompatible 20 
material (or a poorly biocompatible material) from the cells 
or tissue, for example, by covering the material. 
A biodegradable material typically degrades over time 

when exposed to a biological system, e.g., through oxida 
tion, hydrolysis, enzymatic attack, phagocytosis, or the like. 25 
For example, a biodegradable material can degrade over 
time when exposed to water (e.g., hydrolysis) or enzymes. In 
Some cases, a biodegradable material is one that exhibits 
degradation (e.g., loss of mass and/or structure) when 
exposed to physiological conditions for at least about a 30 
month, at least about 6 months, or at least about a year. For 
example, the biodegradable material may exhibit a loss of 
mass of at least about 10%, at least about 20%, at least about 
30%, at least about 40%, at least about 50%, at least about 
60%, at least about 70%, at least about 80%, or at least about 35 
90%. In certain cases, some or all of the degradation 
products may be resorbed or metabolized, e.g., into cells or 
tissues. For example, certain biodegradable materials, dur 
ing degradation, release Substances that can be metabolized 
by cells or tissues. For instance, polylactic acid releases 40 
water and lactic acid during degradation. 

Examples of such biocompatible and/or biodegradable 
polymers include, but are not limited to, poly(lactic-co 
glycolic acid), polylactic acid, polyglycolic acid, poly(m- 
ethyl methacrylate), poly(trimethylene carbonate), collagen, 45 
fibrin, polysaccharidic materials such as chitosan or gly 
cosaminoglycans, hyaluronic acid, polycaprolactone, and 
the like. 

The polymers and other components forming the cell 
scaffold can also be used in some embodiments to provide 50 
a certain degree of flexibility to the cell scaffold, which can 
be quantified as a bending stiffness per unit width of polymer 
construct. An example method for determining the bending 
stiffness is discussed below. In various embodiments, the 
cell scaffold may have a bending stiffness of less than about 55 
5 nN m, less than about 4.5 nM m, less than about 4 nN m, 
less than about 3.5 nN m, less than about 3 nN m, less than 
about 2.5 nN m, less than about 2 nN m, less than about 1.5 
nN m, or less than about 1 nN m. 

In some embodiments of the invention, the cell scaffold 60 
may also contain other materials in addition to the photo 
resists or biocompatible and/or biodegradable polymers 
described above. Non-limiting examples include other poly 
mers, growth hormones, extracellular matrix protein, spe 
cific metabolites or nutrients, or the like. For example, in one 65 
of embodiments, one or more agents able to promote cell 
growth can be added to the cell scaffold, e.g., hormones Such 
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as growth hormones, extracellular matrix protein, pharma 
ceutical agents, vitamins, or the like. Many Such growth 
hormones are commercially available, and may be readily 
selected by those of ordinary skill in the art based on the 
specific type of cell or tissue used or desired. Similarly, 
non-limiting examples of extracellular matrix proteins 
include gelatin, laminin, fibronectin, heparan Sulfate, pro 
teoglycans, entactin, hyaluronic acid, collagen, elastin, 
chondroitin sulfate, keratan sulfate, MatrigelTM, or the like. 
Many Such extracellular matrix proteins are available com 
mercially, and also can be readily identified by those of 
ordinary skill in the art based on the specific type of cell or 
tissue used or desired. 
As another example, in one set of embodiments, addi 

tional scaffold materials can be added to the cell scaffold, 
e.g., to control the size of pores within the cell scaffold, to 
promote cell adhesion or growth within the cell scaffold, to 
increase the structural stability of the cell scaffold, to control 
the flexibility of the cell scaffold, etc. For instance, in one set 
of embodiments, additional fibers or other suitable polymers 
may be added to the cell scaffold, e.g., electrospun fibers can 
be used as a secondary scaffold. The additional scaffold 
materials can be formed from any of the materials described 
herein in reference to cell scaffolds, e.g., photoresists or 
biocompatible and/or biodegradable polymers, or other 
polymers described herein. As another non-limiting 
example, a glue Such as a silicone elastomer glue can be used 
to control the shape of the cell scaffold. 

In some cases, the cell scaffold can include a 2-dimen 
sional structure that is formed into a final 3-dimensional 
structure, e.g., by folding or rolling the structure. It should 
be understood that although the 2-dimensional structure can 
be described as having an overall length, width, and height, 
the overall length and width of the structure may each be 
substantially greater than the overall height of the structure. 
The 2-dimensional structure may also be manipulated to 
have a different shape that is 3-dimensional, e.g., having an 
overall length, width, and height where the overall length 
and width of the structure are not each substantially greater 
than the overall height of the structure. For instance, the 
structure may be manipulated to increase the overall height 
of the material, relative to its overall length and/or width, for 
example, by folding or rolling the structure. Thus, for 
example, a relatively planar sheet of material (having a 
length and width much greater than its thickness) may be 
rolled up into a “tube, such that the tube has an overall 
length, width, and height of relatively comparable dimen 
sions). 

Thus, for example, the 2-dimensional structure may com 
prise one or more nanoscale wires and one or more poly 
meric constructs formed into a 2-dimensional structure or 
network that is Subsequently formed into a 3-dimensional 
structure. In some embodiments, the 2-dimensional structure 
may be rolled or curled up to form the 3-dimensional 
structure, or the 2-dimensional structure may be folded or 
creased one or more times to form the 3-dimensional struc 
ture. Such manipulations can be regular or irregular. In 
certain embodiments, as discussed herein, the manipulations 
are caused by pre-stressing the 2-dimensional structure Such 
that it spontaneously forms the 3-dimensional structure, 
although in other embodiments, such manipulations can be 
performed separately, e.g., after formation of the 2-dimen 
sional structure. 

Cell scaffolds such as those described above can be used 
in a wide variety of applications, for example, for tissue 
engineering, prosthetics, pacemakers, implants, blood or 
other vessels, and the like. Accordingly, virtually any kind of 
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cell that can be grown on a cell scaffold can be used, in 
various embodiments of the invention, e.g., grown to form 
a tissue on the cell scaffold. In some cases, the cells may be 
ones that are electrically active, e.g., having electrical prop 
erties which can be determined and/or controlled. Cells that 
are electrically active include, but are not limited to, nerve 
cells or neurons, muscle cells, cardiac cells, or the like. 
However, in other cases, the cells do not necessarily have to 
be electrically active. For example, in one set of embodi 
ments, chemical properties (such as pH) can be determined 
using nanoscale wires, etc. that are contained within the cell 
scaffold, and the cells and/or tissues within the cell scaffold 
accordingly need not be electrically active (although they 
can be). 

In one set of embodiments, a cell scaffold may not be 
present within a biological tissue (e.g., an implanted tissue), 
or may have been present but may have partially or com 
pletely degraded, e.g., such that it no longer functions as a 
cell scaffold. Thus, for example, in one embodiment, the 
present invention is directed to a biological tissue compris 
ing nanoscale wires such as semiconductor nanowires or any 
other nanoscale wire describe herein. In some cases, at least 
Some of the nanoscale wires form a portion of an electrical 
circuit that extends externally of the tissue. The biological 
tissue may also comprise conductive pathways, Such metal 
leads, within the biological tissue, e.g., connecting 
nanoscale wires or other electrical components. In addition, 
in some cases, some or all of the conductive pathways can 
also be connected to an external electrical system, such as a 
computer or a transmitter, e.g., a radio transmitter, a wireless 
transmitter, etc. Thus, in another set of embodiments, the 
present invention is generally directed to a biological tissue 
comprising nanoscale wires and/or conductive pathways 
(e.g., forming an electrical network Such as is discussed 
herein), not necessarily limited to a cell scaffold. The tissue 
may be present in vitro or an in vivo, e.g., implanted into a 
Subject, Such as a human Subject, the tissues may be autolo 
gous, homologous, or heterologous with the Subject. 

In some embodiments, cells or tissues can be interfaced 
with the nanoscale wires or other electrical components 
(within the cell scaffold, and/or after degradation of the cell 
scaffold) to such a degree that they form a substantially 
unitary structure where cells present within the biological 
tissue may require electrically communications with the 
nanoscale wires in order to function, or to communicate with 
each other. For example, cardiac or muscle cells within a 
tissue may not be able to beat or contract, or may not be able 
to beat or contract in a regular fashion, without stimuli from 
the nanoscale wires, or without using the nanoscale wires to 
communicate. As another example, nerve cells within the 
tissue may form axons and/or dendrites with the nanoscale 
wires, e.g., in order to transmit and/or receive electronic 
signals from other nerve cells and/or from the nanoscale 
wires. In such fashion, an electrically unitary structure may 
be generated, i.e., a “cyborg tissue can be created whose 
biological functioning depends not only on the cells or 
tissues, but on the electronic components as well, e.g., Such 
that the distinction between the biological and electronic 
systems becomes blurred. 

In another set of embodiments, the biological tissue may 
be one that contains Sufficient nanoscale wires that a prop 
erty, Such as a chemical or an electrical property, can be 
determined at a relatively high resolution, and/or in three 
dimensions within the biological tissue, e.g., due to the 
placement of nanoscale wires within the tissue that can be 
used as sensors. For example, one or more nanoscale wires 
may be present within an electronic circuit as a component 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

28 
of a field effect transistor. In addition, in certain embodi 
ments, such determinations may be transmitted and/or 
recorded, e.g., for later use and or analysis. 

Thus, for example, a property Such as a chemical property 
and/or an electrical property can be determined at a resolu 
tion of less than about 2 mm, less than about 1 mm, less than 
about 500 micrometers, less than about 300 micrometers, 
less than about 100 micrometers, less than about 50 microm 
eters, less than about 30 micrometers, or less than about 10 
micrometers, etc., e.g., due to the average separation 
between a nanoscale wire and its nearest neighboring 
nanoscale wire. In addition, as mentioned, the property may 
be determined within the tissue in 3 dimensions in some 
instances, in contrast with many other techniques where 
only a surface of the biological tissue can be studied. 
Accordingly, very high resolution and/or 3-dimensional 
mappings of the property of the biological tissue can be 
obtained in Some embodiments. Any suitable tissue may be 
studied, e.g., cardiac tissue, vascular tissue, muscle, carti 
lage, bone, liver tissue, pancreatic tissue, bladder tissue, 
airway tissues, bone marrow tissue, or the like. 

In addition, in some cases, such properties can be deter 
mined and/or recorded as a function of time. Thus, for 
example, such properties can be determined at a time 
resolution of less than about 1 min, less than about 30s, less 
than about 15 s, less than about 10s, less than about 5 s, less 
than about 3 s, less than about 1 s, less than about 500 ms, 
less than about 300 ms, less than about 100 ms, less than 
about 50 ms, less than about 30 ms, less than about 10 ms, 
less than about 5 ms, less than about 3 ms, less than about 
1 ms, etc. 

In yet another set of embodiments, the biological tissue, 
and/or portions of the biological tissue, may be electrically 
stimulated using nanoscale wires present within the tissue. 
For example, all, or a subset of the electrically active 
nanoscale wires may be electrically stimulated, e.g., by 
using an external electrical system, such as a computer. 
Thus, for example, a single nanoscale wire, a group of 
nanoscale wires, or substantially all of the nanoscale wires 
can be electrically stimulated, depending on the particular 
application. In some cases, such nanoscale wires can be 
stimulated in a particular pattern, e.g., to cause cardiac or 
muscle cells to contract or beat in a particular pattern (for 
example, as part of a prosthetic or a pacemaker), to cause the 
firing of neurons with a particular pattern, to monitor the 
status of an implanted tissue within a subject, or the like. 
The following documents are incorporated herein by 

reference: U.S. Pat. No. 7,211,464, issued May 1, 2007, 
entitled "Doped Elongated Semiconductors, Growing Such 
Semiconductors, Devices Including Such Semiconductors, 
and Fabricating Such Devices.” by Lieber, et al.; U.S. Pat. 
No. 7,301,199, issued Nov. 27, 2007, entitled “Nanoscale 
Wires and Related Devices.” by Lieber, et al.; and Interna 
tional Patent Application No. PCT/US2010/050199, filed 
Sep. 24, 2010, entitled “Bent Nanowires and Related Prob 
ing of Species,” by Tian, et al., published as WO 2011/ 
038228 on Mar. 31, 2011. 

In addition, incorporated herein by reference is a U.S. 
provisional application, filed on even date herewith, entitled 
“Methods and Systems for Scaffolds Comprising Nanoelec 
tronic Components.” by Lieber, et al. Also incorporated 
herein by reference in their entireties are U.S. Prov. Pat. Apl. 
Ser. No. 61/698,492, entitled “Methods And Systems For 
Scaffolds Comprising Nanoelectronic Components, filed 
Sep. 7, 2012, and U.S. Prov. Pat. Apl. Ser. No. 61/698,502, 
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entitled “Scaffolds Comprising Nanoelectronic Components 
For Cells, Tissues, And Other Applications, filed Sep. 7, 
2012. 
The following examples are intended to illustrate certain 

embodiments of the present invention, but do not exemplify 
the full scope of the invention. 

EXAMPLE 1. 

The development of three-dimensional (3D) synthetic 
biomaterials as structural and bioactive extracellular matri 
ces (ECMs) is central to fields ranging from cellular bio 
physics to regenerative medicine. As of yet, it has not been 
possible to provide spatiotemporal monitoring of cells 
throughout 3D scaffolds, although this capability could have 
a marked impact. This example illustrates a new platform of 
seamlessly integrating nanoelectronic devices into free 
standing, flexible, and biocompatible nanoelectronic scaf 
folds (nanoES) for 3D cell and tissue applications. 
The scaffolds in this and the following examples were 

prepared by planar lithography with nanowire transistors 
serving as sensor elements and metal interconnects sand 
wiched between biocompatible polymeric scaffold net 
works. 3D macroporous scaffold structures were formed 
either by self-organization of coplanar reticular networks 
with built-in strain or by manual folding or rolling of 2D 
mesh matrices. The scaffolds exhibited robust electronic 
properties during conversion from planar networks to 3D 
structures, and were used as extracellular scaffolds for 
efficient 3D culture of neurons, cardiomyocytes and smooth 
muscle cells. Notably, multiplexed electrical recordings of 
extracellular potentials from 3D innervated cardiac patches 
demonstrated the feasibility of continuous monitoring in 3D 
of excitation propagation. 3D distributed nanoelectronic 
devices were also used for simultaneous monitoring of pH 
inside and outside tubular vascular Smooth muscle con 
structs. This approach allows functionalizing engineered 
tissues, indwelling 3D tissue-based therapeutic assays, 
enhanced biomedical prosthetics, and makes possible novel 
biomaterials/biosystems where the distinction between bio 
logical and electronic systems becomes blurred. 

This approach integrates nanoelectronics into tissues in 
3D. Silicon nanowire field-effect transistor-based nanoelec 
tronic biomaterials were used given their capability for 
recording both extracellular and intracellular signals with 
subcellular resolution. This design (FIG. 3) involved step 
wise incorporation of biomimetic and biological elements 
into nanoelectronic networks across nanometer to centime 
ter size scales. First, chemically synthesized kinked and/or 
uniform silicon nanowires were deposited either randomly 
or in regular patterns for single-nanowire FETs (step A, FIG. 
3), forming the nanoelectronic sensor elements of the hybrid 
biomaterials. Second, individual nanowire field-effect tran 
sistor (NWFET) devices were lithographically patterned and 
integrated into free-standing macroporous scaffolds (step B, 
FIG. 3), termed “nanoelectronic scaffolds (nanoES). The 
nanoES were tailored to be 3D, to have nanometer to 
micrometer features with high (>99%) porosity, and to be 
highly flexible and biocompatible. NanoES could also be 
hybridized with biodegradable synthetic or natural macropo 
rous ECMs providing ECMs with electrical sensory function 
and nanoES with biochemical environments suitable for 
tissue culture. Finally, cells were cultured on nanoES (step 
C, FIG. 3). 

In particular, FIG. 3 schematically illustrates that conven 
tional bulk electronics (left column) are distinct from bio 
logical systems (right column) in composition, structural 
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hierarchy, mechanics and function. Their electrical coupling 
at the tissue/organ level is usually limited to the tissue 
Surface, where only boundary or global information can be 
gleaned unless invasive approaches are used. The present 
example, in contrast, demonstrates an integrated system 
from the discrete building blocks of electronic and biologi 
cal systems, e.g., semiconductor nanowires, molecular pre 
cursors of polymers and single cells. These biomimetic and 
bottom-up steps are used: A) patterning, metallization and 
epoxy passivation to form single NWFETs, B) forming 3D 
NWFETs matrices (nanoelectric scaffolds) by self- or 
manual organization and hybridization with synthetic bio 
materials, and C) incorporation of cells and growth of 
synthetic tissue via biological processes. In these figures, the 
circles represent nanowire components, and the ribbons 
represent metal and epoxy interconnects (darker ribbons), 
and traditional extracellular matrices (lighter ribbons). 
As examples, two different types of nanoESs (FIG. 4A) 

were designed that were free-standing, flexible and con 
tained similar components. Both were fabricated on sacri 
ficial layers, which were Subsequently removed, yielding 
free-standing nanoES. These will be discussed in greater 
detail below. In brief, a layer of resist (SU-8) was coated on 
a sacrificial layer of material, nanowires were deposited, the 
scaffold structure was patterned with lithography, metal 
interconnections were defined by lithography and deposi 
tion, a second layer of resist (SU-8) was coated thereon, and 
lithography was used to define this as the upper layer of 
passivation over the interconnects. 
One type of nanoES was termed a “reticular nanoES. 

The reticular nanoESs were made by electron beam lithog 
raphy. Self-organization created a random or regular net 
work of 3D features that mimiced the size scale and mor 
phology of submicron ECM features, like the fibrous 
meshwork of brain ECM. The other type was called a 
"mesh' nanoES. The mesh nanoESs were made by photo 
lithography with a regular structure, like the ECM of the 
Ventricular myocardium. 3D aspects were created by rolling 
or folding these structures to form a 3D scaffold. 3D 
scaffolds were then realized in a straightforward manner by 
directed mesh manipulation. The planar design and initial 
fabrication of these 3D nanoES used existing capabilities 
similar to those developed for conventional planar nano 
electronics, and allow integration of additional device com 
ponents (for example, memories and logic gates) or Sub 
stantial increases in device number or overall scaffold size. 
The 2D structure of the reticular scaffold was designed so 

that metal interconnects were stressed. Removal of the 
sacrificial layer prompted self-organization into 3D. Recon 
structed 3D confocal fluorescence images of a typical reticu 
lar nanoES viewed along y- and x-axes (FIG. 4B, Panels I 
and II respectively) showed that the framework was 3D with 
a highly curvilinear and interconnected structure consistent 
with the design (FIG. 4A, Panel I). The porosity (calculated 
from the initial planar device design and the final 3D 
construct volume) was greater than 99.8%, comparable to 
that of hydrogel biomaterials. NWFET devices (FIG. 4B, 
Panel II) within the scaffold spanned separations of 7.3 to 
324 micrometers in 3D (FIG. 5), and the reticular scaffold 
heights were less than about 300 micrometers for these 
fabrication conditions. In addition, the devices could also be 
made closer together (for example, less than 0.5 microm 
eters), e.g., by depositing the nanowires more densely on the 
Substrate, for instance, to improve the spatial resolution of 
nanoelectronic sensors; the span of device separations and 
scaffold heights can also be increased Substantially using 
larger field lithography. FIG. 5 shows a NWFET 3D distri 
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bution in fibrous nanoFS. 14 NWFETs were distributed in 
the construct shown in FIG. 4B. Individual devices are 
shown as solid spheres. The overall size of the scaffold, 
X-y-Z was ~300-400-200 micrometers. The NWFET devices 
within the scaffold were separated in 3 dimensions by 7.3 
micrometers to 324 micrometers. 

Scanning electron microscopy (SEM) of the reticular 
nanoES (FIG. 4C) revealed kinked nanowires (about 80 nm 
in diameter), and metallic interconnects (about 0.7 microm 
eters in diameter) contained within an SU-8 backbone (about 
1 micrometer in width). The feature sizes were comparable 
to those of synthetic and natural ECMs, and were several 
orders of magnitude Smaller than those of reported elec 
tronic structures penetrating tissue in 3D. Water-gate mea 
Surements of the NWFET elements of the 3D scaffolds in 
aqueous medium (see below) demonstrated device yields of 
~80%, conductances of 1.52+/-0.61 microsiemens 
(mean+/-SD) and sensitivities of 8.07+/-2.92 microsie 
mens/V, comparable to measurements from planar devices 
using similar nanowires. 

The 3D mesh nanoFS were prepared by manual folding 
and rolling of free-standing device arrays. The mesh struc 
tures (FIG. 4A, Panel II) were fabricated such that the 
nanoES maintained an approximately planar configuration 
following relief from the fabrication substrate (see below). 
A typical 3.5 cm x 1.5 cmx-2 micrometer mesh nanoES 
(FIG. 4D), was substantially planar with 60 addressable 
NWFET devices distributed in a regular array (FIG. 4D) and 
had a 2D open porosity of 75% (FIG. 4D). The mesh 
porosity was comparable to that of honeycomb-like Syn 
thetic ECM engineered for cardiac tissue culture. The 
nanowires (FIG. 4D1), metal interconnects (FIG. 4D2), and 
SU-8 structural elements (FIG. 4D3) had an areal mass 
density of less than 60 micrograms/cm. The mesh nanoES 
was highly flexible and could be manually rolled into tubular 
3D constructs with inner diameters at least as small as 1.5 
mm (FIG. 4E), and folded. Macroporous structures of the 
open mesh nanoES were formed either by loosely stacking 
adjacent mesh layers (FIG. 4F) or by shaping it with other 
biomaterials. These capabilities were consistent with the 
estimated ultralow effective bending stiffness, which was 
tuned between 0.006 and 1.3 nNm for this mesh and was 
comparable to planar epidermal electronics. 
The electrical transport characteristics of the mesh 

nanoES was evaluated in phosphate buffered saline (PBS. 
The typical device yield was 90-97%, with average device 
conductances of ~3 microSiemens and sensitivity of ~7 
microsiemens per volt (FIG. 4G). Representative data (FIG. 
4H) from single NWFET (FIG. 4H, light dots in upper 
panel) showed a less than 0.17 microSiemens conductance 
change (AG) or less than 2.3% total change for 6 revolutions. 
The device sensitivity (S) remained stable with a maximum 
change (AS) of 0.031 microsiemens/V, or a 1.5% variation. 
The stable device performance can be explained by the low 
estimated strains of metal (less than 0.005%) and SU-8 (less 
than 0.27%) layers in this tubular construct (see below), and 
showed that electrical transport properties were substantially 
independent of location. Furthermore, 14 devices evenly 
distributed on 6 layers of a fully rolled-up tubular scaffold 
(FIG. 4I) showed a maximum conductance change (AG) of 
6.8% and a maximum change in device sensitivity (AS) of 
6.9%, versus the initial unrolled state, indicating robust 
NWFETs. Repetitive rolling and relaxation to the flat state 
did not degrade NWFET performance. These findings sug 
gested reliable sensing/recording of these dynamic and 
deformable systems. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

32 
Additional details regarding FIG. 4 follow. FIG. 4A 

illustrates device fabrication schematics, in accordance to 
one embodiment of the invention, for both reticular NWFET 
devices (Panel I) and mesh NWFET devices (Panel II). In 
FIG. 4A, the dots represent individual NWFETs. The outer, 
larger square (lighter color) represents the silicon oxide 
Substrate, while the inner, Smaller square (darker color) 
represents the nickel sacrificial layers. The ribbons on the 
right of each figure represents the nanoES scaffold con 
structs that are formed. FIG. 4B shows 3D reconstructed 
confocal fluorescence images of reticular nanoES viewed 
along they (Panel I) and X (Panel II) axes. The scaffold was 
labeled with rhodamine 6G. The overall size of the structure 
(x-y-Z) was 300-400-200 micrometers. The solid and dashed 
open boxes indicate two NWFET devices located on differ 
ent planes along X axis. The scale bars are 20 micrometers. 
FIG. 4C is an SEM image of a single kinked NWFET within 
a reticular scaffold, showing (1) kinked nanowires, (2) 
metallic interconnects (lines) and (3) the SU-8 backbone 
construct. The scale bar is 2 micrometers. FIG. 4D shows a 
photograph of a mesh device showing (1) nanowires, (2) 
metal interconnects, and (3) SU-8 structural elements. The 
circle indicates the position of a single NWFET. The scale 
bar is 2 mm. FIG. 4E is a photograph of a partially rolled-up 
mesh device. The scale bar is 5 mm. FIG. 4F is a SEM image 
of a loosely packed mesh nanoES, showing the macroporous 
structure. The scale bar is 100 micrometers. FIG. 4G is a 
histogram of nanowire FET conductance and sensitivity in 
one typical mesh nanoES. The conductance and sensitivity 
were measured in the water-gate configuration without roll 
ing. The device yield for this mesh nanoES was 95%. FIG. 
4H shows water-gate sensitivity and conductance of a 
NWFET device during the rolling process in a mesh device. 
The upper panel of FIG. 4H is a schematic of the position of 
a NWFET (dot) during rolling process; 0-6 denote the 
number of turns. FIG. 4I shows the relative change in 
conductance and sensitivity of 14 NWFETs evenly distrib 
uted throughout a fully rolled-up mesh device. The upper 
panel is a schematic of the NFWET position (dots). In both 
FIGS. 4H and 4I, the thicknesses of the tubular structures 
have been exaggerated for schematic clarity. 

EXAMPLE 2 

Simulations of a subunit of the self-organizing reticular 
structure were performed (FIG. 6A-C) in this example. 
Measurements of bending for the corresponding experimen 
tal structures (FIG. 6C, open squares) were found to be 
consistent with the simulations (FIG. 6C). Additionally, 
changes in structural parameters (for example, the total 
length of the subunit and thicknesses of SU-8 or metals) 
yielded predictable changes in the bending angle of the 
subunit (FIG. 7). This example thus shows that ordered 3D 
nanowire FET arrays could be designed and fabricated using 
reticular- or mesh-like structures that incorporated multi 
layer metal interconnects with built-in stress to self-organize 
(roll-up) the scaffold (FIG. 7). 

In addition, in some experiments, reticular domains were 
designed in mesh-like structures (FIG. 6D). Images of 
reticular domains (FIGS. 6E and 6F) showed that regular 
nanowire FET devices with distinct device positions could 
be realized, for example, by varying the structural param 
eters of individual elements. Overall, this approach yielded 
hierarchical 3D nanoES with submicrometer to micrometer 
scale control in reticular domains and millimeter to centi 
meter scale in the mesh matrix by folding or rolling as 
shown above (FIG. 4). 
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The reticular and mesh nanoES were also merged with 
conventional macroporous biomaterials in some of these 
experiments. Specifically, gel casting, lyophilization and 
electrospinning were used to deposit and construct macropo 
rous collagen (FIG. 8A), alginate (FIG. 8B) and poly(lactic 
co-glycolic acid) (PLGA: FIG. 8C), respectively, around 
nanoES structures. A confocal fluorescence micrograph of a 
hybrid reticular nanoES/collagen scaffold (FIG. 8A) showed 
that the collagen nanofibers (arrow) were fully entangled 
with the nanoES, with no apparent phase separation. 
SEM images of the open mesh nanoES/alginate hybrid 

scaffold produced by lyophilization (FIG. 8B) showed that 
the flexible nanoES mesh was intimately anchored to the 
alginate framework, which had a similar pore structure as 
the pure alginate scaffold prepared under similar conditions. 
Optical micrographs of a multilayered mesh nanoES/PLGA 
scaffold (FIG. 8C), which was prepared by electrospinning 
PLGA fibers on both sides of the nanoES and subsequent 
folding of the hybrid structure, highlighted the intimate 
contact between nanoES mesh and PLGA fibers. The hybrid 
nanoES/biomaterial 3D scaffolds retained the original 
nanowire FET device characteristics. For example, measure 
ments in 1x phosphate buffered saline solution showed that 
AG/G and AS/S were less than +7-9% for the mesh nanoES/ 
PLGA composite versus bare nanoES. The hybrid nanoES 
scaffolds were stable under cell culture conditions. For 
example, nanowire FET devices in the hybrid reticular 
nanoES/MatrigelTM scaffold in neuron culture media (FIG. 
8D) had AS/S less than +/-11% over a nine-week period, 
showing capability for long-term culture and monitoring 
with the nanoES. These results showed that nanoES scaf 
folds could be combined with conventional biomaterials to 
produce hybrid scaffolds that provide nanoscale electrical 
sensory components distributed in three dimensions. 

FIGS. 6A and 6B illustrate the basic design and structural 
subunit for simulation. In FIG. 6A, a top-down view of the 
entire subunit is shown. Ribbons are stressed metal lines 
with SU-8 passivation. Lines are single SU-8 ribbons with 
out residual stress. FIG. 6B shows a cross-sectional views of 
those two key structural elements used for simulation. FIG. 
6C is a plot of projected (on the x-y plane) length versus 
height (in the Z direction) for the vertical ribbon in FIG. 6A 
as determined from the simulation. Open Squares with error 
bars are experimental data (mean+/-SD) recorded in air for 
point A and B in FIG. 6A. The simulation of the bending of 
the subunit model for the reticular structure was carried out 
using the commercial finite element software ABAQUS. 
The inset shows a 3D view of the simulated structure, and 
the scale bar shows different heights in the Z direction. 

FIG. 6D is a schematic showing the integration of peri 
odic reticular-device domains (filled rectangles) into a flex 
ible mesh. In individual reticular domains, the 3D device 
positions relative to the global flexible mesh could be 
controlled by their geometry designs (FIG. 6A-C). In FIGS. 
6E and 6F, design patterns (I) and experimental data (II) for 
two reticular units are shown. SU-8, metal and nanowires 
are shown in this figure. In FIG. 6E, changing the structure 
of the connecting feature (arrows) between adjacent device 
units during pattern design (I) yielded controlled variations 
in the 3D positioning of the nanowire FETs, which could be 
further tuned by the stress in the metal connections. In these 
experiments, the device positions were 40 micrometers 
(FIG. 6E, panel II) and 23 micrometers (FIG. 6F, panel II) 
above the mesh plane. The scale bars in FIGS. 6E and 6F are 
20 micrometers. 

In FIG. 7A, the simulation showed that when the equiva 
lent bending moment is increased by 10 times, the subunit 
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structure scrolled up on itself. The inset shows the curve of 
the central vertical ribbon in FIG. 6A, demonstrating the 
devices were scrolled up and different layers were separated. 
Aand B are the two points in FIG. 6A. FIGS. 7B-E show the 
design and fabrication of a much larger and regular matrix 
and the density of stressed elements increasing upward 
(from 1 to 10) in a manner analogous to the simulated 
subunit. In FIG. 7B, the vertical lines indicate stressed metal 
lines with SU-8 as passivation, the horizontal lines indicate 
non-stressed metal lines for interconnection with SU-8 as 
passivation or SU-8 ribbon as framework, and the circles 
mark positions for devices. FIG. 7C is a 3D reconstructed 
confocal fluorescence image showing the side view of the 
corresponding fabricated reticular construct following the 
design in FIG. 7B. The dashed lines highlight the edge of the 
scrolled-up reticular nanoES construct. The white numbers 
and arrows indicate the position of 5 horizontal lines cor 
responding to those numbered in FIG. 7B. FIGS. 7D and 7E 
are confocal fluorescence images scanned across the interior 
of the scaffold at different heights. The images demonstrate 
that the device regions (circles) located in planes (heights of 
80 and 60 micrometers are shown) were aligned, and thus 
demonstrated the regular arrangement in 3D. The scale bars 
in FIGS. 7D and 7E are 50 micrometers. Overall, the results 
show that larger scale simulations could be used to predict 
the reticular construct geometry, and allow the self-assem 
bling approach to provide regular (or irregular) device arrays 
distributed through 3D space by design. 

FIG. 8A is a confocal fluorescence micrograph of a hybrid 
reticular nanoES/collagen matrix. Collagen type-I was 
stained with fluorescein isothiocyanate; epoxy ribbons were 
stained with rhodamine 6G. The white arrow marks the 
position of the nanowire. The scale bar is 10 micrometers. 
FIG. 8B is a SEM images of a mesh nanoES/alginate 
scaffold with top (panel I) and side (panel II) views. The 
scale bars are 200 micrometers (panel I) and 100 microm 
eters (panel II). FIG. 8C is a bright-field optical micrograph 
of the folded scaffold, showing multilayered structures of 
PLGA and nanoelectronic interconnects. The inset shows a 
photograph of the hybrid sheet before folding. A sheet of 
PLGA fibers with diameters of about 1-3 micrometers was 
deposited on both sides of the device. No damage or 
reduction of device yield was observed following this depo 
sition. The scale bars are 200 micrometers and 5 mm (inset). 
FIG. 8D illustrates the relative changes in nanowire FET 
sensitivity over time in culture (37° C.; 5% CO, supple 
mented neurobasal medium), where n equals 5 and data are 
mean+/-SD. 

EXAMPLE 3 

The reticular and mesh nanoES described in Example 1 
were evaluated in 3D culture using several types of cells. 
Embryonic rat hippocampal neurons in MatrigelTM were 
cultured on the reticular nanoES for 7 to 21 days (FIG. 9). 
Representative 3D reconstructed confocal microscopy 
images (FIGS. 10A-B and FIG. 11) from a 2-week culture 
showed neurons with a high density of spatially intercon 
nected neurites that penetrated the reticular nanoES, often 
passing through the ring-like structures Supporting indi 
vidual NWFETs (FIGS. 10B and 11 The widths of the 
scaffold constructs (passivated metal interconnects and 
structural ribbons) were similar to those of the neurite 
projections, demonstrating the merger of electronics with 
biological systems at an unprecedented similarity in scale. 

In one set of experiments, 3D nanoelectronic cardiac 
culture was achieved from hybrid mesh nanoES/PLGA 
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scaffolds (FIGS. 12-14). Confocal fluorescence microscopy 
of a folded cardiac construct (FIG. 10C) revealed a high 
density of cardiomyocytes in close contact with nanoES 
components (FIG. 10C). Epi-fluorescence images of cardiac 
cells on the surface of the nanoES cardiac patch also showed 
striations characteristic of cardiac tissue (FIG. 10D and 
FIGS. 13 and 14). 

In vitro cytotoxicity of the nanoES was evaluated using 
3D neural and cardiac culture systems (FIGS. 10E-F). 
Differences in hippocampal neuron viability on reticular 
nanoES/MatrigelTM versus MatrigelTM over 21 days were 
minimal, assessed with a standard live/dead cell assay (FIG. 
10E), and between cardiac cells in hybrid mesh nanoES/ 
MatrigelTM/PLGA and MatrigelTM/PLGA from 2 to 12 days, 
measured with a metabolic activity assay (FIG. 10F). These 
studies showed that on the 2-3 week timescale, the nanoES 
component of the scaffolds has little effect on the cell 
viability, and thus could be exploited for a number of in vitro 
studies, including drug screening assays with these synthetic 
neural and cardiac tissues. The main component of nanoES, 
SU-8, has been demonstrated to have long-term chronic 
biocompatibility suitable for in vivo recording. 

FIG. 9 shows the chip assembly for neuronal 3D cultures. 
In FIG. 9A, a NWFET device chip containing a reticular 
nanoES was cleaned by O. plasma, and assembled onto a 
temperature controlled chip carrier. FIG. 9B shows a shal 
low PDMS chamber (dashed box) that was cleaned and 
placed over the wire-bonded devices. In FIG. 9C, a glass 
ring was fixed over the PDMS chamber with silicone 
elastomer. FIG.9D shows a gas-permeable, water-imperme 
able membrane cover that was used for neuron cultures 
lasting longer than 7 days. 

FIGS. 10A-B show 3D reconstructed confocal images of 
rathippocampal neurons after 2 week culture in MatrigelTM 
on reticular nanoES. In these figures, neuronal beta-tubulin 
was stained with Alexa Fluor R. 546, and epoxy ribbons were 
stained with rhodamine 6G. The metal interconnects are the 
relatively straight diagonal lines on the right of the image, 
and are imaged in reflected light mode. Four NWFET 
devices enclosed in polymer rings (arrows) can be seen. 
FIG. 10A: X: 317 micrometers; y: 317 micrometers: Z: 100 
micrometers; FIG. 10B, X: 127 micrometers; y: 127 microm 
eters: Z: 68 micrometers. The star in Panel II denotes a 
neurite passing through a ring-like structure Supporting a 
NFWET. FIG. 10C shows confocal fluorescence images of 
synthetic cardiac patch. In this figure, alpha-actinin of the 
cardiomyocytes was stained with Alexa Fluor(R) 488, cell 
nuclei (circular regions) were stained with Hoechst 34580, 
and PLGA fibers were stained with rhodamine 6G. Panels II 
and III are Zoomed-in views of the upper and lower dashed 
regions of Panel I, showing metal interconnects, SU-8 
scaffold (arrows in Panel II), and electrospun PLGA fibers 
(arrows in Panel III). Scale bars are 40 micrometers. FIG. 
10D shows an epi-fluorescence image of the surface of the 
cardiac patch. Alpha-actinin (ribbons) was stained with 
Alexa Fluor R. 488, while cell nuclei (circular regions) were 
stained with Hoechst 34580. The position of the source 
drain electrodes is outlined with dashed lines; that of the 
nanowire in between them with an arrow. Scale bar is 40 
micrometers. FIG. 10E shows the percentage of viable 
hippocampal neurons cultured in nanoES/MatrigelTM vs 
MatrigelTM. Cell viability was evaluated with a LIVE/ 
DEAD cytotoxicity assay. Cells were counted from 3D 
reconstructed confocal fluorescence photomicrographs. n=6; 
data are mean+/-SD. The differences between groups were 
very small although statistically significant (p<0.05). FIG. 
10F shows MTS cytotoxicity assay of cardiomyocytes 
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evaluated using the MTS assay. n=6; data are mean+/-SD. 
The differences between groups were very small although 
statistically significant (p<0.05). FIG. 10G are conductance 
versus time traces recorded from a single-nanowire FET 
before (top) and after (bottom) applying noradrenaline. FIG. 
10H is a multiplex electrical recording of extracellular field 
potentials from four nanowire FETs (labeled a-d) in a mesh 
nanoES. Data are conductance versus time traces of a single 
spike recorded at each nanowire FET. 

FIG. 11 shows 3D reconstructed confocal fluorescence 
image of rathippocampal neurons within a reticular nanoES 
after two weeks in culture. The images show neurons 
(stained with fluorescent antibody against beta-tubulin) and 
polymer ribbons (doped with rhodamine 6G dye). The metal 
interconnects are marked with white arrows, and are imaged 
in reflected light mode. Dimensions are: X: 127 micrometers: 
y: 127 micrometers: Z: 68 micrometers. The images were 
rotated from the view shown in FIG. 8B approximately as 
follows: (left image) 90 degrees about the Z-axis, -10 
degrees about the y-axis; (right image) 90 degrees about the 
Z-axis, 100 degrees about the y-axis, 40 degrees about the 
X-axis. Together, these images show that neurites pass 
through the ringlike structures Supporting individual 
nanowire FETs. 

FIG. 13 shows fluorescence images from the surface of 
cardiac cell-seeded nanoES, showing alpha-actinin of car 
diomyocytes (stained with Alexa Fluor R. 488 in FIGS. 
13A-C), cell nuclei (stained with Hoechst 34580 in FIGS. 
13A-C) and PLGA fibers (stained with rhodamine 6G in 
FIGS. 13 B-C). Dense cardiomyocyte growth was supported 
by both nanoES (marked by arrows) in FIG. 13A and 
electrospun PLGA fibers in hybrid PLGA/nanoES in FIG. 
13B. FIG. 13C is a Zoomed view of the rectangular box in 
FIG. 13B, showing (arrows) striated patterns of alpha 
actinin. The scale bar is 200 micrometers in FIG. 13A and 
20 micrometers in FIG. 13B. 

FIG. 14A shows an epi-fluorescence image of the cardiac 
patch highlighting alpha-actinin (stained with Alexa Fluor R 
488) and cell nuclei (stained with Hoechst 34580) of car 
diomyocytes. FIG. 14B shows a differential interference 
contrast (DIC) image of the same sample region, which 
highlights the S/D electrodes. FIG. 14C shows an overlay of 
both images to show the positions of S/D electrodes with 
respect to the cells (right). The scale bars is 40 micrometers. 

EXAMPLE 4 

The monitoring capabilities of nanoES were demon 
strated in an innervated 3D cardiomyocyte mesh construct 
(FIG. 10G). The output recorded from a single-nanowire 
FET (FIG. 10G) was about 200 micrometers below the 
construct surface showed regularly spaced spikes with a 
frequency of about 1 Hz, a calibrated potential change of 
about 2-3 mV, a signal/noise greater than or equal to 3 and 
a width of about 2 ms. The peak amplitude, shape, and width 
were consistent with extracellular recordings from cardio 
myocytes. The potential of the nanoES cardiac patch to 
monitor appropriate pharmacological responsiveness (po 
tentially constituting a platform for in vitro pharmacological 
studies) was also investigated by dosing it with norepineph 
rine, a drug that stimulates cardiac contraction via beta-1 
(B) adrenergic receptors. Measurements from the same 
nanowire FET device showed a twofold increase in the 
contraction frequency following drug application. Interest 
ingly, recordings from two nanowire FETs from the cardiac 
patch on noradrenaline application showed Submillisecond 
and millisecond level, heterogeneous cellular responses to 
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the drug (FIG. 15). Additionally, multiplexing measure 
ments made with a reticular nanoES/neural construct (FIG. 
16) showed that the 3D response of glutamate activation 
could be monitored. Together, these experiments show 
nanoES constructs can monitor in vitro the response to drugs 
from 3D tissue models, and thus can be used as a platform 
for in vitro pharmacological studies. 

Simultaneous recordings from four nanowire FETs with 
separations up to 6.8 mm in a nanoES/cardiac construct 
(FIG. 10H) demonstrated multiplexed sensing of a coher 
ently beating cardiac patch, with Submillisecond time reso 
lution. The device in this example yielded a relatively sparse 
device distribution with 60 devices over an area of about 
3.5x1.5 cm. However, increases in nanowire FET density, 
the use of cross-bar circuits and 
implementing multiplexing/demultiplexing for addressing 
would allow the nanoES scaffolds to map cardiac and other 
synthetic tissue electrical activities over the entire construct 
at higher densities in three dimensions. 

FIG. 15A shows electrical recording traces from two 
devices in a cardiac patch, before (left), during (middle) and 
after (right) norepinephrine application. The temporal dif 
ference between a pair of spikes from two devices is denoted 
as delta-ty. (At)The interval between consecutive spikes 
from a single device is denoted as t-t, where N is the 
spike index. FIG. 15B shows a time (t) versus spike index 
(N) plot, showing a change in slope after norepinephrine 
application. The slopes correspond to the time-averaged 
<ty-ty->, and are 1.15 seconds and 0.50 seconds before and 
after drug application, respectively. The data show that the 
cells exhibited overall coherent beating and response to the 
drug. The right panel is a Zoom-in view of the transition, 
where the middle point (N-23) shows a decreased delta-ty 
(At) compared to earlier and later spikes. FIG. 15C shows 
a At versus N plot. <At and 1 SD (standard deviation) 
before (-) and after (+) norepinephrine application showed 
that although the drug has minimum effect on <At , the 
Sub-millisecond and millisecond fluctuations of delta-ty 
(At) (1 SD) increased by ~10 fold following drug addition. 
Such stochastic variation demonstrates millisecond-level. 
heterogeneous cellular responses to the drug. 

The hybrid nanoES/neural 3D construct was prepared by 
culturing neurons with a 3D reticular device array for 14 
days in vitro with a density of >4 million neurons/mL in 
MatrigelTM. During recording, the nanoES/neural hybrid 
was perfused with an oxygenated artificial CSF (aCSF) 
containing (in mM) 119 NaCl, 2.5 KC1, 2.5 CaCl, 1.3 
MgSO 1 NaH2PO4, 26.2 NaHCO, 22 glucose and equili 
brated with 95% O/5% CO. Three nanowire FETs (labeled 
1, 2, and 3) were distributed in the construct with x-y-Z 
positions shown in FIG. 16A. The total sample thickness 
was about 100 micrometers. The lines indicate the distances 
between two devices in 3D. Sodium glutamate was dis 
solved in saline solution and further diluted to 20 mM in 
aCSF solution. Glutamate solution was injected in the 
middle above device 1 and 2 (arrow). The injection pulse 
duration is 0.5 s. FIG. 16B shows the local field potential 
changes recorded from three devices in the 3D neuron 
construct, showing distinct position-dependent temporal 
responses following glutamate solution injection. FIG. 16C 
shows that perfusing 6-cyano-7-nitroquinoxaline-2,3-dione 
(CNOX) and D(-)-2-amino-5-phosphonopentanoic acid 
(APV) blockers prior to glutamate addition eliminated any 
observed response, and thus showed that the observed 
response in FIG. 16B could be attributed to postsynaptic 
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signal propagation. The segments above “Glutamate mark 
the timing when glutamate solution was injected (FIGS. 
16B-16C) 

EXAMPLE 5 

This example illustrates the development of artificial 
tissue with embedded nanoelectronic sensory capabilities. 
Vascular nanoES constructs were made by processes analo 
gous to those used for tissue engineered autologous blood 
vessels except for the addition of the nanoES (FIGS. 17A 
and -18). In this example, human aortic Smooth muscle cells 
(HASMCs) were cultured on 2D mesh nanoES with sodium 
ascorbate to promote deposition of natural ECM. The hybrid 
sheets (FIG. 17B) were rolled into multi-layer 3D tubular 
structures and matured (see below) without macroscopic or 
descuamation (FIG. 17C). Cells in the construct expressed 
Smooth muscle alpha-actin (by immunostaining), the key 
contractile protein in smooth muscle (FIG. 19). 
The distribution of nanoES in the tubular construct was 

visualized by micro-computed tomography (LCT). A top 
down projection of reconstructed 3D micro-computed 
tomography data (FIG. 17D) revealed regularly spaced 
metal interconnects with at least four revolutions (arrows in 
FIG. 17D, Panel II), consistent with the NWFET mesh 
design and tissue rolling technique. Analyses of hematox 
ylineosin-stained sections (FIG. 17E) revealed well-defined 
smooth muscle tissue about 200 micrometers thick, with 
elongated cells and collagenous nanofibers, and embedded 
SU-8 ribbons from the nanoES (FIG. 17E). These findings 
confirm 3D integration of NWFET nanoelectronics with 
healthy smooth muscle. 
The potential of nanoES to function as a biomedical 

device, was demonstrated in the pH sensing capability of 
nanoES/HASMC vascular construct (FIG. 17F, inset). As 
the extravascular pH was varied stepwise with luminal pH 
fixed, simultaneous recordings from NWFETs in the outer 
most layer showed stepwise conductance decreases with a 
sensitivity of -32 mV/pH. NWFETs in the innermost layer 
(closest to luminal) showed minor baseline fluctuations. 
This ability to resolve extravascular pH changes suggests the 
possibility of detecting inflammation, ischemia and tumor 
microenvironments or other forms of metabolic acidosis, 
e.g., due to overproduction of organic acids or impaired 
renal acidification. Other markers of disease could poten 
tially be detected by the nanoES. 

Additional details regarding FIG. 17 follow. FIG. 17A 
shows a schematic of the synthesis of Smooth muscle 
nanoES. The upper panels are side views, while the lower 
ones are either top views (Panels I and II) or a Zoom-in view 
(Panel III). The dots are NWFETs. Panel I shows a mesh 
nanoES with NWFETs, while Panels II and III show the 
structure with HASMCs and collagenous matrix secreted by 
the HASMC. FIG. 17B, Panel I shows a photograph of a 
single HASMC sheet cultured with sodium L-ascorbate on 
a nanoES. Panel II shows a Zoomed-in view of the dashed 
area in Panel I, showing metallic interconnects macroscopi 
cally integrated with cellular sheet. FIG. 17C is a photo 
graph of the vascular construct after rolling into a tube and 
maturation in a culture chamber for 3 weeks. FIG. 17D, 
Panel I is a microcomputed tomograph of a tubular construct 
segment. Panel H is a Zoomed-in view of Panel I. Arrows 
mark the individual NWFET-containing layers of the rolled 
construct. The scale bar is 1 mm. FIG. 6E shows hematoxy 
lin & eosin (Panel I) and masson trichrome (Panel II, with 
collagen) stained sections (about 6 micrometers thick) cut 
perpendicular to the tube axis; lumen regions are labeled. 
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Thee arrows mark the positions of SU-8 ribbons of the 
nanoES. Scale bars are 50 micrometers. FIG. 17F shows 
changes in conductance over time for two NWFET devices 
located in the outermost and innermost layers. The inset is 
a schematic of the experimental set-up. Outer tubing deliv 
ered bathing solutions with varying pH (dashed lines and 
arrows); inner tubing delivered solutions with fixed pH 
(dashed lines and arrows). 

FIG. 19 is a confocal fluorescence microscopy image 
from the surface of the HASMC/mesh-like nanoelectronics 
biomaterial. In the image, alpha-actin in the Smooth muscle 
cell was stained with Alexa Fluor R. 488 and the cell nuclei 
(round) were stained with Hoechst 34580. Local alignment 
of HASMCs is revealed by anisotropy in alpha-actin fibers 
running from upper left to lower right of image. The scale 
bars is 40 micrometers. 

EXAMPLE 4 

This example describes various methods used in 
Examples 1-3. 
Methods Summary. Kinked and uniform silicon 

nanowires were synthesized by nanocluster-catalyzed meth 
ods. See, e.g., U.S. Pat. No. 7,211,464, issued May 1, 2007, 
entitled "Doped Elongated Semiconductors, Growing Such 
Semiconductors, Devices Including Such Semiconductors, 
and Fabricating Such Devices.” by Lieber, et al.; U.S. Pat. 
No. 7,301,199, issued Nov. 27, 2007, entitled “Nanoscale 
Wires and Related Devices.” by Lieber, et al.; and Interna 
tional Patent Application No. PCT/US2010/050199, filed 
Sep. 24, 2010, entitled “Bent Nanowires and Related Prob 
ing of Species.” by Tian, et al., published as WO 2011/ 
038228 on Mar. 31, 2011, each incorporated herein by 
reference in its entirety. The devices were fabricated on 
silicon substrates (Nova Electronic Materials, n-type 0.005 
V cm) with 600 nm SiO, or 100 SiO/200 SiN. at the 
Surface. Electron beam lithography and photolithography on 
nickel relief layers were used to define the metal contacts to 
the nanowires and the key features of the scaffolds. 

Steps used in the fabrication of the reticular nanoES 
included the following. First, 100 nm nickel metal was 
patterned and deposited, and served as the relief layer for the 
free-standing scaffolds. Next, a 300-500 nm layer of SU-8 
photoresist (2000.5, MicroChem, Newton) was deposited 
over the entire chip (FIG. 20O), followed by pre-baking at 
65° C. and 95°C. for 2 and 4 min, respectively; then an 
isopropanol Solution of n-n-n" kinked nanowires was 
deposited onto the SU-8 layer. After identifying nanowire 
positions by optical imaging (Olympus BX51) and design 
ing the interconnect and SU-8 patterns in IGOR Pro (Wave 
Metrics) and DesignCAD, EBL was used to pattern the 
overall SU-8 scaffold structure around chosen nanowires, 
which was post-baked (65° C. and 95°C. for 2 and 4 min, 
respectively) and cured (180° C. 20 min) to yield the 
flexible structural support for metal interconnects. The sili 
con Substrate was then coated with a methyl methacrylate 
and poly(methyl methacrylate) double-layer resist, the resist 
was patterned over the chosen SU-8 ribbons and then 
non-symmetrical Cr/Pd/Cr (1.5/50-80/50-80 nm) metals 
were sequentially deposited followed by metal lift-off in 
acetone to form the nanowire interconnects. The non-sym 
metrical Cr/Pd/Cr layer structure yielded a built-in stress, 
which drove 3D self-organization when the structure was 
relieved from the substrate. 
The silicon substrate was then coated with a uniform 

300-400 nm layer of SU-8, and EBL of SU-8 followed by 
curing (180° C., 20 min) was used to define the SU-8 
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passivation layer over the deposited metal interconnects. 
The reticular nanoES, including the interconnected kinked 
nanowire FET devices, was released from the substrate by 
etching of the nickel layer (Nickel Etchant TFB, Transene 
Company, Danvers) for 60-120 min at 25° C. Last, the 
free-standing nanoES was dried using a critical point dryer 
(Autosamdri 815 Series A, Tousimis) and stored in a dry 
state before use in tissue culture. Each EBL step took about 
10 min-2 hours, depending on factors such as the writing 
speed and area, feature size and complexity, and electron 
beam dosage (for example, the typical area dosages for SU-8 
and poly(methyl methacrylate) EBL was 3-8 microC cm? 
and 500-1,000 microC cm' at 25 kV, respectively). The 
entire fabrication took 2-5 days, depending on the duration 
of the individual steps. A similar approach was used in the 
fabrication of the mesh nanoES except that p-type nanowires 
and photolithography were used and the entire process took 
2-3 days. 

NanoES/collagenCMatrigelTM) hybrid matrices were made 
by casting 50-2,000 microliters collagen or MatrigelTM 
solution onto the edge of (reticular nanoES) or directly 
above (mesh nanoES) the nanoES scaffolds, and at ~4° C. 
The solutions were allowed to form gels around nanoES 
under conditions of 37° C. and 5% CO for at least 20 min. 
The 3D nanoES/alginate scaffolds were prepared from phar 
maceutical-grade alginate (Protanal LF5/60. FMC Biopoly 
mers) by calcium gluconate crosslinking and Subsequent 
lyophilization to produce a sponge-like scaffold (5-15 
mmx2-10 mm, dxh). To prepare NanoES/PLGA hybrid 
scaffolds, a sheet of PLGA fibres with diameters of ~1-3 
micrometers was deposited on both sides of the mesh 
nanoES. The hybrid scaffold could also be folded to increase 
the thickness. 

Embryonic Sprague/Dawley rat hippocampal cells, neo 
natal Sprague/Dawley rat cardiomycytes and human aortic 
Smooth muscle cells were cultured in nanoES using estab 
lished protocols. Optical micrographs of immunohisto 
chemically and histologically stained samples were recorded 
using either Olympus FluoView FV 1000 or Olympus 
FSX100 systems. The structures of nanoES were character 
ized with Zeiss UltraS5/Supras.5VP field-emission SEMs or 
the HMXST Micro-computed tomography x-ray imaging 
system (model: HMXST225, X-Tek). The in vitro cytotox 
icity of nanoES was evaluated using the standard LIVE/ 
DEADR) Viability/Cytotoxicity Kit (Molecular Probes, 
Invitrogen) and the CellTiter 96(R) AQueous One Solution 
Cell Proliferation Assay (Promega Corporation). Cardio 
myocyte recordings were carried out in Tyrode Solution with 
a 100 mV DC Source for the NWFETs. The current was 
amplified with a multi-channel preamplifier, filtered with a 
3 kHz, low pass filter (CyberAmp 380), and digitized at a 50 
kHz Sampling rate (AXon Digi1440A). 

In extravascular pH sensing experiments, a single poly 
dimethylsiloxane (PDMS) microfluidic chamber was used to 
deliver two flows of phosphate buffer solutions, where inner 
and outer tubings were used to deliver solutions with fixed 
and varied pH, respectively. The electrical measurements 
were conducted using a lock-in amplifier with a modulation 
frequency of 79 and 39 Hz, time constant of 30 ms. 
amplitude of 30 mV; the DC source-drain potential was Zero. 
Ag/AgCl reference electrodes were used in all recording and 
sensing experiments. The calibrated potential values (in 
millivolts) recorded from nanowire FETs were obtained as 
the ratios between device conductance changes (in nanosie 
mens) and the sensitivities (in microSiemens per Volt or 
nanosiemens per volt) that were determined individually in 
water-gate experiments. 
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Nanowire Synthesis. Single-crystalline nanowires were 
synthesized using the Au nanoclustercatalyzed vapor-liquid 
Solid growth mechanism in a home-built chemical vapor 
(CVD) deposition system. Au nanoclusters (Ted Pella Inc., 
Redding, Calif.) with either 20 or 80 nm diameters were 
dispersed on the oxide surface of silicon/SiO substrates 
(600 nm oxide) and placed in the central region of a quartz 
tube CVD reactor system. Uniform 20 nm p-type silicon 
nanowires, which were used for mesh-like NWFET scaf 
folds, were synthesized using established methods. See, e.g., 
U.S. Pat. No. 7,211,464, issued May 1, 2007, entitled 
"Doped Elongated Semiconductors, Growing Such Semi 
conductors, Devices Including Such Semiconductors, and 
Fabricating Such Devices.” by Lieber, et al.; and U.S. Pat. 
No. 7,301,199, issued Nov. 27, 2007, entitled “Nanoscale 
Wires and Related Devices.” by Lieber, et al., each incor 
porated herein by reference in its entirety. In a typical 
synthesis, the total pressure was 40 torr and the flow rates of 
SiH, BH (100 ppm in H) and H were 2, 2.5 and 60 
standard cubic centimeters per minute (SCCM), respec 
tively. The silicon-boron feed-in ratio was 4000:1, and the 
total nanowire growth time was 30 min. 

Kinked 80 nm diameter silicon nanowires, which were 
used for the reticular NWFET scaffolds, were synthesized 
with a n(arm)-n(device)-n'(arm) dopant profile. See, e.g., 
International Patent Application No. PCT/US2010/050199. 
filed Sep. 24, 2010, entitled “Bent Nanowires and Related 
Probing of Species.” by Tian, et al., published as WO 
2011/038228 on Mar. 31, 2011, incorporated herein by 
reference in its entirety. In a typical synthesis, the total 
pressure was 40 torr and the flow rates of SiH, PH (1000 
ppm in H) and H were 1, 5/0.1 and 60 sccm, respectively. 
Kinks were introduced by evacuation of the reactor (-3x 
10 ton) for 15 s, and the silicon-phosphorus feed-in ratios 
were 200:1 and 10,000:1 for the n- and n-type segments, 
respectively. The n-type arms were grown for 12-15 min, 
and the n-type active device channel segment was grown for 
30 s immediately following the evacuation step used to 
introduce a kink. 

Free-standing nanoES. The free-standing nanoES were 
fabricated on the oxide or nitride surfaces of silicon Sub 
strates (600 nm SiO, or 100 SiO/200 SiN., n-type 0.005 V 
cm, Nova Electronic Materials, Flower Mound, Tex.) prior 
to relief from the substrate. Two basic types of nanoES, 
termed reticular and mesh nanoES, were prepared. Compo 
nents include silicon wafer (105 in FIG. 7), nickel relief 
layer (110), polymer ribbons (115), silicon nanowires (120), 
and metal interconnects (125). In a typical experiment, the 
widths of polymer and metal interconnects were 1 and 0.7 
micrometers, respectively. The built-in stress from sequen 
tially deposited Cr/Pd/Cr (1.5/50-80/50-80 nm) layers drove 
self-organization into a 3D scaffold after the lift-off process. 
Key steps used in the fabrication of the reticular nanoES 
(FIG. 20) were as follows: (1) Electron beam lithography 
(EBL) was used to pattern a double layer resist of 500-600 
nm of methyl methacrylate (MMA, MicroChem Corp., 
Newton, Mass.) and 100-200 nm of poly(methyl methacry 
late) (PMMA, MicroChem Corp., Newton, Mass.), on which 
100 nm nickel metal was deposited (FIGS. 20A-7B), where 
the nickel served as the final relief layer for the free-standing 
scaffolds. (2) A 300-500 nm layer of SU-8 photoresist 
(2000.5, MicroChem Corp., Newton, Mass.) was deposited 
over the entire chip (FIG. 20O) followed by pre-baking at 
65° C. and 95°C. for 2 and 4 min, respectively, then (3) an 
isopropanol solution of nin-n kinked nanowires was 
dropped onto the SU-8 layer and allowed to evaporate (FIG. 
20D). (4) The kinked nanowire positions were located 
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relative to a standard marker patternS4 using an optical 
microscope (Olympus BX51) in dark-field mode, and then 
IGOR Pro (WaveMetrics) and DesignCAD were used to 
design the lithography patterns. EBL was then used to 
pattern the overall SU-8 scaffold structure including a ring 
structure underneath the selected kink nanowire. After post 
baking (65° C. and 95°C. for 2 and 4 min, respectively), the 
SU-8 developer (MicroChem Corp., Newton, Mass.) was 
used to develop the SU-8 pattern. The areas exposed to 
electron beam became fully polymerized and insoluble in 
SU-8 developer, which glued the selected nanowires in 
place. The rest of the SU-8 areas, including nanowires on 
their surfaces, were removed by SU-8 developer. After 
curing (180°C., 20 min), patterned SU-8 ribbons as flexible 
structural Support for metal interconnects and nanowires 
were generated (FIG. 20E). (5) The silicon substrate was 
then coated with MMA and PMMA double layer resist, the 
resist was patterned over the chosen SU-8 ribbons, and then 
nonsymmetrical Cr/Pd/Cr (1.5/50-80/50-80 nm) metals 
were sequentially deposited followed by metal lift-off in 
acetone to form the nanowire interconnects (FIG. 20F). The 
nonsymmetrical Cr/Pd/Cr layer structure yielded a built-in 
stress, which drove 3D self-organization when the structure 
was relieved from the substrate. (6) The silicon substrate 
was then coated with a uniform 300-400 nm layer of SU-8, 
and EBL of SU-8 followed by curing (180° C., 20 min) was 
used to define the SU-8 passivation layer over the deposited 
metal interconnects (FIG. 20G). (7) The reticular nanoES, 
including the interconnected kinked NWFET devices, was 
released from the substrate by etching of the nickel layer 
(Nickel Etchant TFB, Transene Company Inc., Danvers, 
Mass.) for 60-120 min at 25° C. (FIG. 20H). Last, the 
free-standing nanoES were dried using a critical point dryer 
(Autosamdri 815 Series A, Tousimis, Rockville, Md.) and 
stored in the dry state prior to use in tissue culture. Here, 
self-organization produced random reticular scaffolds, but it 
should be noted that mechanics models and simulations 
(e.g., finite element method) could be used to design and 
realize regular three-dimensional (3D) open framework con 
structs using the same approach. 
A similar approach was used in the fabrication of the mesh 

nanoES (FIG. 21): (1) Photolithography and metal deposi 
tion (100 nm, nickel) were used to define a relief layer for 
the free-standing scaffold (FIGS. 21A, 21B). (2) A layer of 
SU-8 photoresist (300-2000 nm, 2000.5 or 2002, Micro 
Chem Corp., Newton, Mass.) was deposited over the entire 
chip, and photolithography was used to pattern the bottom 
SU-8 mesh structure (FIG. 21C), which was then cured 
(180° C., 20 min). (3) A second 300-500 nm thick layer of 
SU-8 was deposited over the entire chip, and prebaked at 65° 
C. and 95°C. for 2 and 4 min, respectively (FIG. 21D). (4) 
Then p-type silicon nanowires were deposited from isopro 
panol Solution and aligned by nitrogen blow-drying (FIG. 
21E). (5) Photolithography and subsequent curing (180°C., 
20 min) was used to define the nanowire patterns across the 
mesh structure and eliminate excess nanowires (FIG. 21F). 
(6) The substrate was coated with 51805 and LOR 3A 
(MicroChem Corp., Newton, Mass.) double layer resist and 
patterned by photolithography. Symmetrical Cr/Pd/Cr (1.5/ 
50-100/1.5 nm) metals were sequentially deposited followed 
by metal lift-off in Remover PG (MicroChem Corp., New 
ton, Mass.) to define the minimally stressed nanowire inter 
connects (FIG. 21G). (7) The substrate was coated with a 
uniform layer of SU-8, and photolithography followed by 
curing (180° C., 20 min) was used to define a passivation 
layer over the deposited metal interconnects (FIG. 21H). (8) 
The mesh-like nanoES was released from the substrate by 
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etching the nickel layer (Nickel Etchant TFB, Transene 
Company Inc., Danvers, Mass.) for 6 h at 25°C. (FIG. 21I). 
The mesh-like scaffold adhered weakly to the substrate upon 
drying in air, and could be readily Suspended as a freestand 
ing scaffold upon immersion in water/cell culture medium. 
Scanning electron microscopy (SEM. Zeiss UltraS5/ 
Supraš5VP field-emission SEMs) was used to characterize 
both types of fabricated scaffold structures. 

NanoES/collagenCMatrigelTM) hybrid matrix. Prior to gel 
casting, collagen type-I (Sigma-Aldrich Corp., St. Louis, 
Mo.) was diluted (1:2-1:5) with culture media or phosphate 
buffered saline solution (PBS) and the pH was adjusted to 
~7.4. Matrigel (BD Bioscience, Bedford, Mass.) was used as 
received or diluted (1:2-1:5). Briefly, 50-2000 microliters 
collagen or Matrigel Solution was placed using a pipette 
(Eppendorf Research plus) onto the edge of (reticular 
nanoES) or directly above (mesh nanoES) the nanoES 
scaffolds, and at ~4°C. The solutions were allowed to form 
gels around nanoES under 37°C., 5% CO conditions for at 
least 20 min. For visualization of collagen fibers, fluorescein 
isothiocyanate labeled collagen type-I (Sigma-Aldrich 
Corp., St. Louis, Mo.) was used. 

NanoES/alginate hybrid scaffold. The 3D nanoES/alg 
inate scaffolds were prepared from pharmaceutical-grade 
alginate, Protanal LF5/60 (FMC Biopolymers), which has a 
high guluronic acid (G) content (65%). Briefly, (1) prepa 
ration of sodium alginate stock solutions at concentrations of 
1% (w/v); (2) partially crosslinking the alginate Solution by 
adding calcium gluconate; (3) drop casting partially cross 
linked alginate onto loosely folded mesh nanoES, followed 
by additional shaping and placement of nanoES inside the 
alginate gel with a glass rod; (4) freezing the nanoES/ 
alginate gel in a homogeneous, cold (-20°C.) environment; 
and (5) lyophilization to produce a sponge like scaffold 
(5-15 mmx2-10 mm, dxh). 
NanoES/PLGA hybrid scaffold. Poly(lactic-co-glycolic 

acid) (PLGA) electrospun fibers were used as a secondary 
scaffold in several experiments. The PLGA fibers were 
prepared based on typical procedures as follows. PLGA 
(90/10 glycolide/L-lactide, inherent viscosity 1.71 dL/g in 
HFIP at 25°C., Purac Biomaterials Inc.) was dissolved in 
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Sigma-Aldrich 
Corp., St. Louis, Mo.) at a 10 wt % concentration until a 
clear and homogenous Solution was obtained. A syringe 
pump (Harvard Apparatus, Holliston, Mass.) was used to 
deliver the polymer Solution through a stainless steel capil 
lary at a rate of 3 mL/hr. A high Voltage power Supply 
(Gamma High Voltage Research, Ormond Beach, Fla.) was 
used to apply a 25 kV potential between the capillary tip and 
a grounded stainless steel plate 50 cm away. Fibers were 
collected for 2-5 minutes before being put aside at room 
temperature for 72 hours to allow residual solvent evaporate. 
To prepare hybrid scaffolds, a sheet of PLGA fibers with 
diameters of ~1-3 micrometers was deposited on both sides 
of the mesh nanoES. The hybrid scaffold could also be 
folded to increase its thickness. 

Scaffold mechanical properties. The effective bending 
stiffness per unit width of the mesh scaffold, D. can be 
estimated by: 

where C. and C. are the area fraction of the single-layer 
polymer (SU-8) ribbon (without metal layer and top polymer 
passivation layer) and three-layer ribbon (bottom polymer 
layer, metal layer and top passivation layer) in the whole 
mesh structure. D. Eh/12 is the bending stiffness per unit 
width of the single-layer polymer, where E=2 GPa and h are 
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the modulus and thickness of the SU-8. D., is the bending 
stiffness per unit width of a three-layer structure, which can 
be calculated by: 

Dn = Embah, 
2 2 f(0-bit . 1 h him 12 6 ( ) p, i. 12b -- t + bi + 2bh 

where E=121 GPa and h are the modulus and thickness of 
the palladium, b is the width of the single-layer ribbon and 
the total width of the three-layer ribbon, b, is the width of 
the palladium layer. In addition, the chromium layers are so 
thin (1.5 nm) that their contribution to the bending stiffness 
is negligible. When h-75 nm, h-0.5 micrometers, b=10 
micrometers, b, 5 micrometers, C-2.51% and C3.57%, 
D=0.006 nN m. When h-75 nanometers, h=2 micrometers, 
b=40 micrometers, b. 20 micrometers, C-10.06% and 
C-13.31%, D=1.312 nN m. 
To calculate the strain in tubular constructs, the equation 

e-y/R was used, where y is the distance from the neutral 
plane, and R is the radius of curvature. For the symmetric 
mesh scaffold, since the neutral plane is the middle plane, 
the maximum strains of metal and SU-8 appear at y=h/2 
and y=h/2+h respectively. When h-75 nm, h-2 microm 
eters, R=0.75 mm, the maximum strains of metal and SU-8 
are 0.005% and 0.272%, respectively. 

Scaffold structural simulation. The self-organization of 
the mesh structure due to residual stress was simulated by 
the commercial finite element software ABAQUS. Both the 
SU-8 ribbons and the SU-8/metal ribbons were modeled as 
beam elements. The cross-sectional property of the SU-87 
metal ribbons was defined by the appropriate meshed beam 
cross-section, while the cross-sectional property of the SU-8 
ribbons was set by defining the relevant rectangular profile. 
The equivalent bending moment on SU-8/metal ribbons was 
calculated using the residual stress measured by MET-1 
FLX-2320-S thin film stress measurement system, which 
were 1.35 and 0.12 GPa for Cr (50 nm) and Pd (75 nm), 
respectively. 
Neuron culture. Device chips were cleaned by oxygen 

plasma (50 sccm of O 50 w, 0.5 Torr, 1 min), and fixed onto 
a temperature controlled chamber (Warner Instruments, 
Hamden, Conn.) with double-sided tape (FIG. 9A). A 1 mm 
thick polydimethylsiloxane (PDMS) membrane (Sylgard 
184, Dow Corning, Inc., Midland, Mich.) with 0.25 cm 
open area in the center was cut, autoclaved and placed over 
the device area, followed by wire-bonding of individual 
devices. An autoclaved glass ring (ALA Scientific Instru 
ments, Farmingdale, N.Y.) was placed over this PDMS 
chamber and fixed with Kwik-Sil (World Precision Instru 
ments, Inc., Sarasota, Fla.) silicone elastomer (FIG.9C). The 
whole chip was sterilized by UV illumination and 75% 
ethanol Soak (20 min each). An aqueous polylysine solution 
(0.5-1.0 mg/ml, MW 70,000 to 150,000, Sigma-Aldrich) 
was then introduced into the chamber and incubated over 
night at 37°C., the polylysine solution was removed, and the 
chamber rinsed 3 times each with 1x phosphate buffered 
saline (PBS) solution and NeuroPure Plating Medium (Gen 
lantis, San Diego, Calif.). Finally, the chamber was filled 
with NeuroPure Plating Medium or culture medium and 
conditioned in the incubator for 1 day. Hippocampal neurons 
(Gelantis, CA) were prepared using standard protocols. In 
brief, 5 mg of NeuroPapain Enzyme (Gelantis, CA) was 
added to 1.5 ml of NeuroPrep Medium (Gelantis, San Diego, 
Calif.). The solution was kept at 37° C. for 15 min, and 
sterilized with a 0.2 micrometer syringe filter (Pall Corpo 
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ration, MI). Day 18 embryonic Sprague/Dawley rat hip 
pocampal tissue with shipping medium (E18 Primary Rat 
Hippocampal Cells, Gelantis, San Diego, Calif.) was spun 
down at 200 g for 1 min. The shipping medium was 
exchanged for NeuroPapain Enzyme medium. A tube con 
taining tissue and the digestion medium was kept at 30° C. 
for 30 min and manually swirled every 2 min, the cells were 
spun down at 200 g for 1 min, the NeuroPapain medium was 
removed, and 1 ml of shipping medium was added. After 
trituration, cells were isolated by centrifugation at 200 g for 
1 min, then re-suspended in 5 to 10 mg/ml MatrigelTM (BD 
Bioscience, Bedford, Mass.) at 4° C. The cell/MatrigelTM 
mixture was plated on the reticular nanoES in the opening in 
the PDMS membrane at a density of 2 to 4 million cells/ml 
and a total gel thickness of -0.5 to 1 mm. The MatrigelTM 
matrix was allowed to gel at 37° C. for 20 min, then 1.5 ml 
of NeuroPure Plating Medium was added, and the entire 
assembly was placed in the incubator. After 1 day, the 
plating medium was changed to NeurobasalTM medium 
(Invitrogen, Grand Island, N.Y.) supplemented with B27 
(B27 Serum-Free Supplement, Invitrogen, Grand Island, 
N.Y.), GlutamaxTM (Invitrogen, Grand Island, N.Y.) and 
0.1% Gentamicin reagent solution (Invitrogen, Grand 
Island, N.Y.). 3D neuron cultures were maintained at 37° C. 
with 5% CO for 7 to 21 days, with medium changed every 
4 to 6 days. For cultures lasting longer than 7 days, gas 
permeable/water-impermeable membrane covers (ALA 
MEA-MEM-PL. ALA Scientific Instruments, Farmingdale, 
N.Y.) were used to avoid evaporation while allowing for 
diffusion of gases (FIG. 9D). 

Cardiomyocyte culture. Hybrid scaffolds (see FIGS. 12B) 
of the mesh nanoES (FIGS. 12A and 12G) sandwiched 
between two electrospun PLGA fiber layers (1-3 microm 
eters diameter; 10-20 micrometers thick for individual layer) 
were used in all experiments. The bottom PLGA layer was 
made either by inserting an existing layer underneath the 
mesh-like scaffold or by directly electrospinning on the 
nanoES. The top PLGA layer was made by direct electro 
spinning on the nanoES. 
The device chip was wire-bonded (FIGS. 12C and 12H), 

and assembled with a modified polystyrene petri-dish (VWR 
Inc.) using Kwik-Sil (World Precision Instruments, Inc.) 
silicone elastomer glue (FIG. 12D). The device chamber was 
cleaned by oxygen plasma (50 sccm of O, 50 w, 0.5 Torr, 
1 min), followed by sterilization with UV-light illumination 
for 1 h and soaking in 70% ethanol solution for 0.5 h. The 
hybrid scaffolds were coated with fibronectin/gelatin solu 
tion overnight prior to cell seeding. The fibronectin/gelatin 
solution was prepared by adding 0.1 g Bacto-Gelatin (Fisher 
Scientific, DF0143-17-9) to 500 mL distilled water in a glass 
bottle and autoclaving. The gelatin dissolved during the 
autoclaving step to yield a final concentration of gelatin of 
0.02%. One ml Fibronectin (Sigma, F-1141) was diluted in 
199 ml of 0.02% gelatin. 

Referring again to FIG. 12, FIG. 12A shows a freestand 
ing mesh-like nanoES: FIG. 12B shows a hybrid of PLGA 
electrospun fibers and mesh-like nanoES: FIG. 12C shows 
that individual devices were wire-bonded to PCB connect 
ers: FIG. 12D shows that a modified petri dish was fixed 
over the scaffold with silicone elastomer; FIG. 12E shows 
that the hybrid scaffold was sterilized by UV-light illumi 
nation for 1 h and soaking in 70% ethanol solution for 0.5 
h, coated with fibronectin/gelatin Solution overnight and 
seeded with cardiomyocytes/MatrigelTM; and FIG. 12F 
shows that after 1-2 days in culture, the cardiac sheet (from 
FIG. 12E) was folded and cultivated for an additional 3-10 
days. FIG. 12G shows a mesh device showing the free 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

46 
standing part (the right half) and the fixed part on the wafer 
(the left half). The arrow marks the outer-electrode pins for 
wire-bonding. FIG. 12H shows a printed circuitboard (PCB) 
with wire-bonding wires. The wires connected the PCB 
copper pads (left) and the rectangular electrodes on the 
supported end of the mesh-like nanoES (right). White dots 
highlight bonding points. Arrows highlight one wire-bonded 
aluminum wire. 

Cardiac cells were isolated from intact ventricles of 1 to 
3-day-old neonatal Sprague/Dawley rats using 3 to 4 cycles 
(30 min each) of enzyme digestion using collagenase type II 
and pancreatin. The cells were Suspended in culture 
medium, composed of Medium-199 (Invitrogen, Grand 
Island, N.Y.) supplemented with 0.6 mM CuSO4.5HO, 0.5 
mM ZnSO.7H2O, 1.5 mM vitamin B12, 500 U. ml 
penicillin, 100 mg ml streptomycin and 5 vol% fetal calf 
serum (FCS). The cardiac cells were finally seeded with 
5-10 mg/ml MatrigelTM onto fibronectin/gelatin coated 
PLGA/mesh nanoES at an initial cell density of 3-6x107 
cm (FIG. 12E). After 1-2 days, the cell-seeded nanoES 
was manually folded into a construct, and was maintained at 
37°C. with 5% CO, for an additional 3-8 days (FIGS. 12F), 
with medium changes every 2-3 days. All animal procedures 
conformed to US National Institutes of Health guidelines 
and were approved by Harvard University's Animal Care 
and Use Committee. 

Vascular constructs. Synthetic vascular constructs were 
produced in a manner similar to the sheet-based tissue 
engineering approach described previously (FIG. 18). First, 
the mesh nanoES were coated with gelatin/fibronectin solu 
tion overnight (FIGS. 18A-18C). Second, human aortic 
smooth muscle cells (HASMC, Invitrogen, Grand Island, 
N.Y.) were seeded at a density of 1x10 cm on the 
gelatin/fibronectin-coated devices and cultured in Medium 
231 (Invitrogen, Grand Island, N.Y.) supplemented with 
smooth muscle growth supplement (SMGS, Invitrogen) 
(FIG. 14D). Sodium L-ascorbate (50 micrograms/mL, 
Sigma) was added to the culture medium to stimulate 
extracellular matrix (ECM) synthesis. HASMCs were main 
tained at 37° C. with 5% CO, until their secreted ECM 
proteins formed an cohesive tissue sheet (7-14 days) that can 
be easily peeled off from the silicon substrate. The cell 
coated mesh nanoES was then gently lifted from the SiO, 
Substrate using fine forceps, rolled onto a polystyrene or 
glass tubular Support 1.5 mm in diameter, then maintained in 
culture Medium 231 supplemented with SMGS and 50 
micrograms/mL sodium L-ascorbate for at least another 2 
weeks for maturation of the vascular structure (FIG. 18E). 

0.5-2 h prior to pH sensing experiments, the temporary 
tubular Support was removed, and segments of polystyrene 
tubing (the inner tubing in FIG. 17F, inset) were connected 
to the open ends of the vascular construct (FIG. 18F), and a 
PDMS fluidic chamber with input/output tubing and 
Ag/AgCl electrodes (FIG. 17F, inset) was sealed with the 
silicon Substrate and the vascular construct using silicone 
elastomer glue (Kwik-Sil, World Precision Instruments, 
Inc.) as shown in FIG. 18H. Fresh medium was delivered to 
the vascular construct through both inner and outer tubing. 
The pH of the solution delivered through the outer tubing 
was varied during the experiment. 

FIG. 18A shows a free-standing mesh-like nanoES: FIG. 
18B shows that individual devices were wirebonded to PCB 
connecters: FIG. 18C shows that a modified petri-dish was 
fixed over the scaffold with silicone elastomer; FIG. 18D 
shows that the hybrid scaffold was sterilized with UV-light 
illumination for 1 h and soaking in 70% ethanol solution for 
0.5 h, coated with fibronectin/gelatin solution overnight and 
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seeded with HASMCs: FIG. 14E shows that after 7-14 days 
in culture, the HASMC-seeded nanoES (from FIG. 18D) 
was rolled against a tubular Support and cultivated for at 
least another 14 days; FIG. 18F shows that the tubular 
Support was removed and tubing was connected to the ends 
of the lumen of the HASMC construct; FIG. 18G shows that 
the medium was removed while keeping the construct moist; 
and FIG. 18H shows that a PDMS chamber was assembled 
around the construct, attached to tubing to bathe the outside 
of the construct and Ag/AgCl electrodes to measure pH in 
the bathing fluid. 

Immunochemical staining. Cells were fixed with 4% 
paraformaldehyde (Electron Microscope Sciences, Hatfield, 
Pa.) in PBS for 15-30 min, followed by 2-3 washes with 
ice-cold PBS. Cells were pre-blocked and permeabilized 
(0.2-0.25% Triton X-100 and 10% feral bovine serum or 1% 
bovine serum albumin (BSA) in PBS) for 1 hour at room 
temperature. Next, the cells were incubated with primary 
antibodies in 1% BSA in 1XBBS with 0.1% (v/v) Tween 20 
(PBST) for 1 hr at room temperature or overnight at 4°C. 
Then cells were incubated with the secondary antibodies 
with fluorophores. For counter-staining of cell nuclei, cells 
were incubated with 0.1-1 microgram/mL Hoechst 34580 
(Molecular Probes, Invitrogen, Grand Island, N.Y.) for 1 
min. Specific reagents used for different cell types were as 
follows. Neurons: neuronal class III beta-Tubulin (TUJ1) 
mouse monoclonal antibody (1:500 dilution, Covance Inc., 
Princeton, N.J.) and AlexaFluor-546 goat anti-mouse IgG 
(1:1000, Invitrogen, Grand Island, N.Y.) were used as the 
primary and secondary antibodies, respectively. Cardiomyo 
cytes: anti-alpha-actinin mouse monoclonal antibody 
(1:450; Clone EA-53, Sigma-Aldrich Corp., St. Louis, Mo.) 
and AlexaFluor-488 goat anti-mouse (1:200; Molecular 
Probes, Invitrogen, Grand Island, N.Y.) were used as the 
primary and secondary antibodies, respectively. Hoechst 
34580 was used to counter-stain cell nuclei. HASMC: 
anti-Smooth muscle alpha-actin rabbit polyclonal antibody 
(1:500. Abcam, Cambridge, Mass.) and AlexaFluor-488 
donkey anti-rabbit antibody (1:200; Molecular Probes, Invit 
rogen, Grand Island, N.Y.) were used as the primary and 
secondary antibodies, respectively. Hoechst 34580 was used 
to counter-stain cell nuclei. 

Fluorescent dye labeling of devices and PLGA fibers. 
Fluorescence images of the reticular nanoES (FIGS. 4B and 
6A) were obtained by doping the SU-8 resist solution with 
rhodamine 6G (Sigma-Aldrich Corp., St. Louis, Mo.) at a 
concentration less than 1 microgram/mL before deposition 
and patterning. PLGA electrospun fiber scaffolds were 
labeled by physical absorption of rhodamine 6G from an 
aqueous solution (0.1 mg/mL), and then rinsed copiously 
with water before fluorescence imaging. 

Hematoxylin-eosin and Masson trichrome staining. The 
vascular constructs were cut and fixed in formalin Solution 
(10%, neutral buffered, Sigma-Aldrich Corp., St. Louis, 
Mo.). The fixed sample was dehydrated in a series of graded 
ethanol baths (70% ethanol for 1 h, 95% ethanol for 1 h, 
absolute ethanol 3x times, 1 h each) and xylenes (2x. 1 h 
each), and then infiltrated with molten paraffin (HistoStar, 
Thermo Scientific, Kalamazoo, Mich.) at 58°C. for 2 h. The 
infiltrated tissues were embedded into paraffin blocks and 
cut into 5-6 micrometer sections. Immediately prior to 
straining, the paraffin was removed from the sections by 2 
washes with xylene, 1 min each. Then the sections were 
rehydrated by a 5 min wash in absolute ethanol, 2 min in 
95% ethanol, 2 min in 70% ethanol and 5 min in distilled 
water. Standard hematoxylin and eosin staining was carried 
out using an automated slide stainer (Varistain Gemini ES, 
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Thermo Scientific, Kalamazoo, Mich.). Collagen secretion 
by HASMCs was assessed on deparaffinized sections using 
a Masson’s trichrome staining kit (Polysciences, Inc., War 
rington, Pa.) according to standard protocols. 

Optical microscopy and image analysis. Confocal and 
epi-fluorescence imaging were carried out using an Olympus 
FluoView FV1000 confocal laser scanning microscope. Con 
focal images were acquired using 405, 473 and 559 mm 
wavelength lasers to excite cellular components labeled with 
Hoechst 34580, AlexaFluor-488/Rodamine-6G, and 
Rodamine-6G/AlexaFluor-546 fluorescent dyes (Molecular 
Probes and Sigma-Aldrich Corp.), respectively. A 635 nm. 
wavelength laser was used for imaging metal interconnects 
in reflective mode. Epi-fluorescence images were acquired 
using a mercury lamp together with standard DAPI (EX: 
377/50, EM:447/60), GFP (EX:473/31, EM520/35) and 
TRITC (EX:525/40, EM:585/40) filters. Image.J (ver. 1.45i, 
Wayne Rasband, National Institutes of Health, USA) was 
used for 3D reconstruction and analysis of the confocal and 
epi-fluorescence images. Bright-field optical micrographs of 
histological samples were acquired on an Olympus FSX100 
system using FSXBSW software (ver. 02.02). 

Micro-computed tomography. The nanoES in the Syn 
thetic vascular construct was imaged using a HMXST 
Micro-CT X-ray imaging system with a standard horizontal 
imaging axis cabinet (model: HMXST225, Nikon Metrol 
ogy, Inc., Brighton, Mich.). Prior to imaging, samples were 
fixed and dried. In a typical imaging process, 60-70 kV 
acceleration voltage and 130-150 microamperes electron 
beam current was used. No filter was used. VGStudio MAX 
(ver. 2.0, Volume Graphics GMbh, Germany) was used for 
3D reconstruction and analysis of the micro-CT images. 

Cell viability assays. Hippocampal neuron viability was 
evaluated using a LIVE/DEADR) Viability/Cytotoxicity Kit 
(Molecular Probes, Invitrogen, Grand Island, N.Y.). On days 
7, 14 and 21 of the culture, neurons were incubated with 1 
micromolar calcein-AM and 2 micromolar ethidium 
homodimer-1 (Eth)-1) for 45 min at 37° C. to label live and 
dead cells, respectively. Cell viability at each time point was 
calculated as live/(live+dead)x100, and was normalized to 
the percentage of live cells on day 0 (live /live o). 
Three-dimensional neuron cultures in MatrigelTM on polyly 
sine modified glass slides (Fisher Scientific Inc., Waltham, 
Mass.) were used as controls. The cells were imaged with a 
confocal fluorescence microscope (Olympus FluoView 
FV1000) and the 3D reconstructed images were used for 
live/dead cell counting. For each group, n=6. In 3D cardiac 
cultures, cell viability was evaluated with an assay of a 
mitochondrial metabolic activity, the CelTiter 96(R) AQue 
ous One Solution Cell Proliferation Assay (Promega Corp., 
Madison, Wis.) that uses a tetrazolium compound (3-(4.5- 
dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo 
phenyl)-2H-tetrazolium, inner salt; MTS) and an electron 
coupling reagent (phenazine ethosulfate; PES). On days 2, 4, 
6, 8, 10 and 12 of the culture, cardiac constructs were 
incubated with CellTiter 96(R) AQueous One Solution for 
120 min at 37°C. The absorbance of the culture medium at 
490 nm was immediately recorded with a 96-well plate 
reader. The quantity of formazan product (converted from 
tetrazole) as measured by the absorbance at 490 nm was 
directly proportional to cell metabolic activity in culture. 
Three-dimensional cardiomyocyte cultures in MatrigelTM on 
gelatin coated electrospun PLGA fibers were used as con 
trols. For each group, n=6. 

Electrical measurements. The nanowire FET conductance 
and transconductance (sensitivity) were measured in 1xpBS. 
The slope of a linear fit to conductance versus water-gate 
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potential (V) data was used to determine transconduc 
tance. For NWFET stability tests, the reticular NWFET 
devices were maintained under neuron culture conditions 
(see details above, in Neuron culture) for predetermined 
intervals. Electrical transport measurements and recordings 
from 3D cardiomyocyte-seeded nanoES were obtained in 
Tyrode solution (pH~7.3) with a 100 mV DC source voltage 
at 25° C. or 37° C. The current was amplified with a 
multi-channel current/voltage preamplifier, filtered with a 3 
kHz low pass filter (CyberAmp 380), and digitized at a 50 
kHZ sampling rate (Axon Digi1440A). In extravascular pH 
sensing experiments, a single polydimethylsiloxane 
(PDMS) microfluidic chamber was used to deliver two flows 
of phosphate buffer solutions: the pH delivered by the outer 
input tubing was varied, while that of the inner tubing was 
fixed at 7.4. In the pH-sensing experiments, nanoelectronic 
devices were modulated using a lock-in amplifier with a 
modulation frequency of 79 and 39 Hz, time constant of 30 
ms, amplitude of 30 mV, and DC source-drain potential of 
Zero. Ag/AgCl reference electrodes were used in all record 
ing and sensing experiments. 

While several embodiments of the present invention have 
been described and illustrated herein, those of ordinary skill 
in the art will readily envision a variety of other means 
and/or structures for performing the functions and/or obtain 
ing the results and/or one or more of the advantages 
described herein, and each of Such variations and/or modi 
fications is deemed to be within the scope of the present 
invention. More generally, those skilled in the art will 
readily appreciate that all parameters, dimensions, materials, 
and configurations described herein are meant to be exem 
plary and that the actual parameters, dimensions, materials, 
and/or configurations will depend upon the specific appli 
cation or applications for which the teachings of the present 
invention is/are used. Those skilled in the art will recognize, 
or be able to ascertain using no more than routine experi 
mentation, many equivalents to the specific embodiments of 
the invention described herein. It is, therefore, to be under 
stood that the foregoing embodiments are presented by way 
of example only and that, within the Scope of the appended 
claims and equivalents thereto, the invention may be prac 
ticed otherwise than as specifically described and claimed. 
The present invention is directed to each individual feature, 
system, article, material, kit, and/or method described 
herein. In addition, any combination of two or more Such 
features, systems, articles, materials, kits, and/or methods, if 
Such features, systems, articles, materials, kits, and/or meth 
ods are not mutually inconsistent, is included within the 
Scope of the present invention. 

All definitions, as defined and used herein, should be 
understood to control over dictionary definitions, definitions 
in documents incorporated by reference, and/or ordinary 
meanings of the defined terms. 
The indefinite articles “a” and “an,” as used herein in the 

specification and in the claims, unless clearly indicated to 
the contrary, should be understood to mean “at least one.” 

The phrase “and/or” as used herein in the specification 
and in the claims, should be understood to mean “either or 
both of the elements so conjoined, i.e., elements that are 
conjunctively present in some cases and disjunctively pres 
ent in other cases. Multiple elements listed with “and/or 
should be construed in the same fashion, i.e., "one or more’ 
of the elements so conjoined. Other elements may optionally 
be present other than the elements specifically identified by 
the “and/or clause, whether related or unrelated to those 
elements specifically identified. Thus, as a non-limiting 
example, a reference to “A and/or B, when used in con 
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junction with open-ended language such as "comprising 
can refer, in one embodiment, to A only (optionally includ 
ing elements other than B); in another embodiment, to B 
only (optionally including elements other than A); in yet 
another embodiment, to both A and B (optionally including 
other elements); etc. 
As used herein in the specification and in the claims, 'or' 

should be understood to have the same meaning as “and/or 
as defined above. For example, when separating items in a 
list, 'or' or “and/or shall be interpreted as being inclusive, 
i.e., the inclusion of at least one, but also including more 
than one, of a number or list of elements, and, optionally, 
additional unlisted items. Only terms clearly indicated to the 
contrary, such as “only one of or “exactly one of.” or, when 
used in the claims, “consisting of.” will refer to the inclusion 
of exactly one element of a number or list of elements. In 
general, the term 'or' as used herein shall only be inter 
preted as indicating exclusive alternatives (i.e. “one or the 
other but not both') when preceded by terms of exclusivity, 
such as “either,” “one of.” “only one of, or “exactly one of.” 
“Consisting essentially of,” when used in the claims, shall 
have its ordinary meaning as used in the field of patent law. 
As used herein in the specification and in the claims, the 

phrase “at least one, in reference to a list of one or more 
elements, should be understood to mean at least one element 
selected from any one or more of the elements in the list of 
elements, but not necessarily including at least one of each 
and every element specifically listed within the list of 
elements and not excluding any combinations of elements in 
the list of elements. This definition also allows that elements 
may optionally be present other than the elements specifi 
cally identified within the list of elements to which the 
phrase “at least one' refers, whether related or unrelated to 
those elements specifically identified. Thus, as a non-limit 
ing example, “at least one of A and B (or, equivalently, “at 
least one of A or B.’ or, equivalently “at least one of A and/or 
B’) can refer, in one embodiment, to at least one, optionally 
including more than one, A, with no B present (and option 
ally including elements other than B); in another embodi 
ment, to at least one, optionally including more than one, B. 
with no A present (and optionally including elements other 
than A); in yet another embodiment, to at least one, option 
ally including more than one, A, and at least one, optionally 
including more than one, B (and optionally including other 
elements); etc. 

It should also be understood that, unless clearly indicated 
to the contrary, in any methods claimed herein that include 
more than one step or act, the order of the steps or acts of 
the method is not necessarily limited to the order in which 
the steps or acts of the method are recited. 

In the claims, as well as in the specification above, all 
transitional phrases such as “comprising.” “including. "car 
rying,” “having,” “containing,” “involving,” “holding.” 
“composed of,” and the like are to be understood to be 
open-ended, i.e., to mean including but not limited to. Only 
the transitional phrases "consisting of and "consisting 
essentially of shall be closed or semi-closed transitional 
phrases, respectively, as set forth in the United States Patent 
Office Manual of Patent Examining Procedures, Section 
2111.03. 

What is claimed is: 
1. An article, comprising: 
a cell scaffold comprising semiconductor nanoscale wires 

and one or more polymeric constructs, wherein at least 
Some of the nanoscale wires form a portion of an 
electrical circuit that extends externally of the cell 
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scaffold and wherein at least one of the one or more 
polymeric constructs comprises a photoresist. 

2. The article of claim 1, wherein the cell scaffold 
comprises a biocompatible polymer. 

3. The article of 1, wherein the cell scaffold comprises a 5 
biodegradable polymer. 

4. The article of claim 1, wherein the cell scaffold 
comprises an extracellular matrix protein. 

5. The article of claim 1, wherein the cell scaffold has an 
open porosity of at least about 50%. 

6. The article of claim 1, wherein the cell scaffold has an 
areal mass density of less than about 60 micrograms/cm. 

7. The article of claim 1, wherein at least some of 
nanoscale wires form part of a field effect transistor within 
the electrical circuit. 

8. The article of claim 1, wherein at least one of the 
nanoscale wires is pH-sensitive. 

9. The article of claim 1, wherein at least one of the 
nanoscale wires is responsive to an electrical property 
external to the nanoscale wire. 

10. The article of claim 1, wherein the cell scaffold has a 
density of nanoscale wires of at least about 30 nanoscale 
wires/mm. 

11. The article of claim 1, wherein at least about 50% of 
the nanoscale wires within the cell scaffold are individually 
electronically addressable, such that voltage or current may 
be applied to a nanoscale wire without simultaneously 
applying the Voltage or the current to another nanoscale 
W1e. 
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12. The article of claim 1, wherein at least one of the 

polymeric constructs contains a metal lead extending 
between a nanoscale wire and a surface of the cell scaffold. 

13. The article of claim 1, wherein at least 50% of the 
nanoscale wires within the cell scaffold form portions of one 
or more electrical circuits extending externally of the cell 
scaffold. 

14. The article of claim 1, wherein the article further 
comprises cells on the cell scaffold. 

15. The article of claim 1, wherein the article further 
comprises an in vitro biological tissue containing the cell 
scaffold. 

16. The article of claim 15, wherein the biological tissue 
is configured to be implanted in an organism. 

17. An article, comprising: 
a 3-dimensional structure having an average pore size of 

between about 100 micrometers and about 1.5 mm, the 
structure comprising a curled and/or folded 2-dimen 
sional electrical network comprising semiconductor 
nanoscale wires, wherein at least about 50% of the 
semiconductor nanoscale wires within the electrical 
network are individually electronically addressable, 
Such that Voltage or current may be applied to a 
nanoscale wire without simultaneously applying the 
Voltage or the current to another nanoscale wire. 

18. The article of claim 17, wherein the curled 2-dimen 
Sional electrical network is curled into a cylinder having a 
maximum diameter of no more than about 5 mm. 
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